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Summary 
Understanding the synaptic function ofN-methyl-D-aspartate receptors (NMDARs) 
and their contribution to membrane excitability requires a better comprehension of their 
kinetics in physiological conditions. Most previous studies of NMDAR gating have fo-
cussed on responses to jumps in agonist or blocker concentrations, or on single-channel 
gating at equilibrium. This thesis exposes the kinetics of NMDARs in nucleated patch 
and whole-cell recordings of rat cortical pyramidal neurons during nonstationary con-
ditions of voltage and agonist concentration. It was found that the timing of voltage-
dependent removal of Mg2+ block of NMDARs can determine their nonlinear contri-
bution to excitability. At room temperature, the observed kinetics of unblock showed 
a very fast component ('t < 1 ms), together with a slower component ('t = 10-40ms). 
The amplitude and time constant of the slow component both increased with depolar-
isation, and it accounted for half of the current for steps from -70 to +40 m V. Block 
was effectively instantaneous for voltage steps from +40 to -70 m V, but had major slow 
components for steps from +40 to -40 m V, where up to 40% of current blocks with time 
constants between 3 and 6 ms. Additionally, the voltage-dependence of deactivation 
kinetics were studied in nucleated patches during fast and sustained perfusion with ag-
onist. Currents at +40 m V had a time-constant of decay two-fold larger than those at 
-40 m V. The voltage dependence observed was, however, much less pronounced than 
suggested previously (Konnerth et al, 1990). This discrepancy may be explained by 
the improved space clamp conditions and calcium buffering achieved with nucleated 
patches as compared to whole cell recordings. Depolarisations from rest at different 
time intervals during the decay phase recovered a current of similar amplitude to that 
recorded during sustained depolarisation. The observations on block/unblock during 
voltage steps and voltage dependence of decay strongly suggest a Mg2+ -trapping block 
mechanism for the NMDAR. However, a trapping block kinetic scheme with identical 
rate constants for the receptor bound and unbound to Mg2+ (Sovolebsky and Yelshan-
sky, 2000) does not predict the slow unblock and fast tail currents observed after a 
depolarising voltage step. Instead, the slow unblock was found to be consistent with 
faster closing kinetics for the channel when it is bound to Mg2+, which was termed an 
asymmetric trapping block (ATB) model. During nonstationary voltage conditions, the 
observed time-dependence of block and unblock results in a very different pattern of 
activation from the instantaneous I-V relation that has been assumed for the NMDAR in 
previous modelling studies. Voltage-clamp of nucleated patches with action potential 
waveforms, at both room temperature and at 33°C, during stationary NMDAR acti-
vation, showed that the rising phase of single Na+ action potentials unblocks far less 
NMDAR current than expected from the stationary voltage-dependence, while a large 
current is uncovered during the upstroke of slow Ca2+ action potentials. The repolarisa-
tion of fast Na+ action potentials uncovers an NMDAR tail current, much bigger than 
the predicted steady-state level of current. Thus, retarding the boosting effect of de-
polarisation and resisting the repolarisation, and therefore prolonging, dendritic Ca2+ 
spikes. The functional consequences of slow unblock were studied in a simple model 
of pyramidal cell excitability. 
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Chapter 1 
Introduction 
An accurate description of the properties of cortical neurons and their synaptic receptors 
is one of the key goals of modern neurophysiology. Such a description will form the 
foundation for understanding how synaptic conductances participate in shaping trains 
of action potentials, the input-output relationship of cortical neurons, and the local 
concentrations of ions (e.g. Ca2+) which in turn can produce long-term changes in 
synaptic responses. 
Synaptic N-methyl-D-aspartate receptors (NMDAR) are activated by glutamate in 
the brain, and are blocked by extracellular Mg2+ at membrane resting potential. This 
block is relieved by depolarisation. Therefore, they behave as coincidence detectors 
for synaptic release and postsynaptic depolarisation. Their block and unblock kinetics 
have so far widely been assumed to reach an instantaneous equilibrium. 
This thesis is concerned with the experimental and theoretical analysis of NMDAR 
kinetics under nonstationary conditions of voltage and agonist-concentration. Though 
there have been many important advances in our knowledge of the NMDAR function 
and kinetics, shedding light on its crucial role in long term changes in synaptic func-
tion, the detailed function of the NMDAR in the excitability of neurons has not been 
addressed experimentally in previous studies. 
This introduction will review many of the concepts which will be used throughout 
the subsequent chapters to place this work in the context of the broader field of synaptic 
integration and single channel kinetics. 
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1 .1 Synaptic transmission and synaptic integration 
Synapses are the points of communication between neurons or between neurons and 
effector cells (e.g. glands or muscle), where signals are propagated from one cell to 
another. At chemical synapses, the synaptic cleft separates the membranes of the pre-
and post-synaptic neuron. The presynaptic action potential is converted into a chemical 
message mediated by neurotransmitters which are released by the presynaptic terminal, 
and diffuse in the synaptic cleft. Neurotransmitters are then recognised at the postsy-
naptic membrane by specific receptors whose activation produces electrical or chemical 
changes, interpreted for a variety of physiological functions (reviewed in Cowan et al., 
2001). 
A postsynaptic potential is produced by a temporal change in membrane perme-
ability or conductance as a response to neurotransmitter released at the synapse. The 
relatively brief time course of postsynaptic potentials allows neurons to perform a large 
number of computations within short time periods, limiting the interactions between 
events that are widely separated in time: synaptic integration takes place on a millisec-
ond timescale. The amplitude of the synaptic potential will depend on the magnitude 
of the conductance change and the driving forces for ions, which are dictated by their 
concentrations inside and outside the membrane and their charges. The temporal and 
spatial sum of synaptic events can eventually lead to the generation of action potentials 
by the postsynaptic cell, which will in tum be interpreted by a following neuron or 
effector cell. Synapses are also endowed with molecular and structural machinery that 
allows them to change the magnitude of their responses according to their history of 
usage over a wide variety of time scales (see Shepherd, 1998 and Cowan et al. , 2001, 
for reviews). 
1.2 Ionic -channels of neurons 
The ionic mechanisms involved in excitation and inhibition of neurons were described 
by the pioneering work of Hodgkin and Huxley (1952) as time and voltage dependent 
changes in the permeability of the membrane to certain ions. The idea that ions move 
across the membranes of excitable cells through ionic channels has been developed in 
the decades following Hodgkin and Huxley's work, through a combination of pharma-
cological, biophysical and molecular studies. 
Of the major advances towards the understanding of how ion channels function, the 
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development of noise analysis allowed the characteristic properties of individual ionic 
channels to be discerned by the fluctuations that they cause in the total membrane cur-
rent or voltage (Katz and Miledi, 1972). A further technical refinement allowed direct 
recording of the single-channel currents using the patch clamp technique (Neher and 
Sakmann, 1976; Hamill et al., 1981). A breakthrough in the molecular knowledge of 
ionic channels was the determination of the primary structure of receptor molecules by 
cloning and sequencing the cDNAs which encode them, starting with the cloning of the 
acetylcholine receptor (Numa et al., 1983). This advance has allowed the identifica-
tion of specific functional sequences, for example those that control the transmitter or 
blocker binding sites, and the study of the variety of channel subtypes, and also their 
distribution in the nervous system. Furthermore, more recent studies have provided 
detailed three-dimensional reconstructions of the K+ channel, shedding light on the 
molecular basis of ion conduction and selectivity (Doyle et al., 1998). 
Ionic channels are common to all cells, and implement the biophysical phenomena 
underlying information processing. These include mediating synaptic transmission, 
determining the membrane voltage, and supporting action potential initiation and prop-
agation. Eventually, these changes in the membrane potential lead to the secretion of 
neurotransmitter or hormone, the contraction of muscle fibers, or increases in internal 
free Ca2+ concentration, which can have powerful effects on protein function and gene 
expression (reviewed in Hille, 2001). Therefore, studying the precise details of the 
gating of synaptic channels will lead to a better understanding of how these properties 
determine the postsynaptic responses, and hence the operation of neural circuits. 
1.2.1 Kinetic models of single channel function 
Channels involved in neuronal function detect specific stimuli which govern the likeli-
hood that a channel will open or close; this channel's response is called gating. Voltage-
sensitive channels have a voltage sensor, a collection of charges or equivalent dipoles 
that move under the influence of the membrane electric field. Ligand-sensitive channeis 
have sites for binding of chemical substances. In most cases ligand binding promotes 
channel opening and the free energy of binding provides the free energy for opening of 
the channel. Given the small diameter of the open channel (about 3-7 A) channels can 
have a high selective permeability, allowing a restricted class of small ions to flow pas-
sively down their electrochemical gradients at a very high rate (> 106 ions per second). 
Single channel recordings have shown that channels undergo rapid transitions between 
conducting and non-conducting states. Most individual channels act as binary elements, 
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having zero conductance in their closed state and a fixed non-zero conductance value 
in their open state (ranging between 0.1 and IOOOpS, depending on the channel type), 
though some may have several conductance sub levels. From a functional point of view, 
the key properties of channels are that the transitions among closed, open and inactive 
states are governed in an apparently perfect probabilistic manner, either by the ampli-
tude of the applied membrane potential, for voltage-dependent channels, and/or by the 
presence of selective agonists, for ligand-gated channels, (reviewed in Hille, 2001). 
Quantitative studies have related the microscopic, stochastic activity of individual 
ionic channels opening and closing to the macroscopic currents which appear to change 
in a deterministic and graded manner. The graded nature of the observed postsynaptic 
conductance changes comes from the probabilistic opening of tens to hundreds of these 
essentially binary elements. The description of gating kinetics at the single channel 
level is as a Markov process, a system (channel) makes transitions between a collection 
of states probabilistically such that the probabilities of state transitions do not depend 
on the preceding duration of occupation of a state. This theory is the basis of chemical 
kinetics and has been used to study ion channels from the work of Hodgkin and Huxley 
onwards. 
Subsequent application of single channel recordings to the study of synaptic trans-
mission (Magleby and Stevens, 1972; Neher, 1992; Sakmann, 1992) has provided many 
increasingly detailed models which continue to use Markov process kinetic schemes to 
model the gating characteristics of many ligand-gated receptors. The various states in a 
Markov process model represent a set of protein conformations adopted during the gat-
ing of the channel. The time evolution depends only on the present state of the system 
and it is defined entirely by knowledge of the set of transition probabilities between 
states (for a review see Destexhe et al 1994 ). These transition probabilities or rates may 
of course be influenced by voltage or temperature. 
(1.1) 
The probability of being in state Si is simply the fraction of channels in state Si, 
noted Si, and the transition probability, in unit time - for the limit of infinitesimally 
small time intervals - from state Si to state Sj is given by the rate constant rij of the 
reaction 
(1.2) 
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In ligand-gated channels the simplest activation scheme can be written as: 
kon a A + C ~CA~ 0 
koff ~ 
(1.3) 
where the agonist (A) binds and unbinds from the channel with certain reaction kinetics, 
whose rate constants are kon and koff, and depend on the chemical properties of the 
molecules. Once the receptor has formed a complex with the agonist (CA), the channel 
can then pass from this state to the open state ( 0) with rate constants a and 13, which 
depend on the kinetics of the channel itself. To derive the rates from single channel 
current measurements, the distributions of lifetimes in the closed or open states must 
be examined. 
In stationary conditions (i.e. unchanging rate constants) the distribution of the time 
that the channel remains in the open state follows an exponential distribution. This is 
because each open channel closes at random with a certain probability, with the chance 
of remaining open decreasing for longer durations (Magleby and Stevens, 1972; An-
derson and Stevens, 1973). The mean lifetime of an open state (the time constant, 't, 
of the exponential lifetime distribution) is equal to the reciprocal of the sum of all rate 
constants of the closing steps (reviewed in Johnston and Wu, 1995). Binding/unbinding 
of agonist from the channel is an important factor determining the opening lifetime of 
channels, if the unbinding of agonist is slow enough that a channel may open several 
times before the agonist dissociates (Colquhoun and Sakmann, 1985). The rate con-
stants for binding kon and unbinding k0t f of agonist define the equilibrium dissociation 
constant Kv = kotf /kon · From activation versus concentration relationships, the stoi-
chiometry of receptor activation can be inferred. 
It is clear that Markov process models can provide a remarkably accurate fit of all 
ionic channel kinetics investigated so far, (though see Liebovitch et al., 2001 , for an-
other viewpoint). A Markov process model, therefore, is not only a potentially complete 
description of ion channel kinetics but must reflect the set of functional conformational 
states of a channel protein and therefore gives structural and mechanistic insight. 
Therefore the open channel probability time course - the determining factor of the 
duration of the synaptic input- depends on the kinetic states that a receptor can have and 
the rate constants which determine the transitions between states (for reviews see John-
ston and Wu, 1995; Hille, 2001 ; and Cowan, 2001). Important factors in determining 
the value of these rate constants are: the time course of neurotransmitter release, diffu-
sion and uptake, the channel's affinity for the neurotransmitter, the intrinsic kinetics of 
desensitization (Katz and Thesleff, 1957), and channel closure kinetics (Anderson and 
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Stevens, 1973). 
1.3 Glutamate in the central nervous system 
The surprising discovery that the amino acid glutamate is the major excitatory trans-
mitter in the brain started with experimental evidence which showed a strong excitatory 
action of glutamate and aspartate in spinal cord (Curtis et al., 1959). In the vertebrate 
nervous system, glutamate activates synaptic receptor-channels probably in all central 
neurons, as well as in many of the supporting glial cells. In the peripheral nervous 
system, however, the major excitatory transmitter is acetylcholine. Invertebrate neu-
romuscular junctions are known to use glutamate as the excitatory neurotransmitter 
(Usherwood et al., 1968). Early studies on arthropod neuromuscular junction showed 
that the affinity of the glutamate receptor for its agonist determines the rate of decay of 
the synaptic conductance (Crawford and McBumey, 1977). 
1.3.1 Different receptors for glutamate 
Watkins and Evans synthesised different agonists and antagonists for glutamate recep-
tors which helped in recognising the different subtypes of glutamate receptors (Watkins 
and Evans, 1981). There are three groups of ionotropic receptors that have tradition-
ally been named after dicarboxylic amino acids which behave as selective agonists. 
Ionotropic glutamate receptors in the vertebrate CNS have been classified on the ba-
sis of a pharmacology defined using the agonists AMPA (alpha-amino-3-hydroxy-5-
methylisoxazolepropionic acid), kainic acid (KA) and NMDA (N-methyl-D-aspartic 
acid), and antagonists such as APV (2-amino-5-phosphonovaleric acid) and CNQX 
(6-cyano-7-nitroquinoxaline-2,3-dione). AMPA and KA receptors are often referred 
to collectively as non-NMDA receptors. These two receptor types are more simi-
lar to each other in primary structure than to the NMDAR. Both directly gate low-
conductance cation channels ( <lOpS) permeable to Na+, and K+ and sometimes also 
permeable to Ca2+ (Iino et al., 1990). However, physiological evidence suggests that 
these two glutamate receptor subtypes encode different features of afferent activity (Fr-
erking and Obliger-Frerking, 2002). Also, recent studies suggest that presynaptic KA 
receptors modulate transmitter release both at excitatory and inhibitory synapses but do 
not participate in the fast postsynaptic conductance change at the glutamatergic synapse 
(Lerma, 2003). 
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The originally identified glutamate receptors are ligand-gated ion channels which 
mediate the fast response to glutamate and are known as ionotropic receptors. How-
ever, subsequent studies have shown that a large number of G protein-coupled gluta-
mate metabotropic receptors are also expressed throughout the CNS (for a review see 
McBain and Mayer, 1994). 
1.3.2 Synaptic organisation of glutamate receptors 
Pharmacological, molecular and anatomical experiments suggest that NMDA and AMPA 
receptors are co-localised at individual excitatory synapses and generate biphasic ex-
citatory postsynaptic currents (EPSCs) when glutamate is released into the synaptic 
cleft (Bekkers and Stevens, 1989; He et al., 1998). The different subtypes of glutamate 
receptors share the same overall topology, despite their different electrophysiological 
characteristics, permeabilities, developmental expression patterns, and trafficking pro-
files. The long cytosolic carboxy-terminal domain of the channel subunits contributes 
to the targeting and trafficking of receptors. These cytosolic 'tails' can be crucial for 
receptor function and they presumably interact with trafficking, motor and scaffolding 
proteins to allow proper receptor localization and regulation (reviewed in McGee and 
Bredt, 2003). 
NMDARs are anchored to the postsynaptic specialisation through different protein 
interactions. These include its binding to PSD-95, an abundant constituent of the post-
synaptic density, and also an important interaction with a-actinin. This is functionally 
relevant because NMDAR activity is regulated by the actin cytoskeleton. Among many 
other scaffolding proteins at the synapse (reviewed in Dingledine et al. 1999), the cy-
tosolic domains of NMDAR-subunits interact with calcium/calmodulin-dependent pro-
tein kinase II (CaMK.11) which can modulate NMDAR activity and is thought to be a 
critical mediator of neuronal plasticity (see Fig. 1.1 reviewed in Fink and Meyer, 2002). 
1.4 The properties of NMDA receptors 
Responses at NMDA receptors have an unusual combination of biophysical properties 
for a ligand-gated ion channel: among these properties are a strong voltage depen-
dence, high Ca2+ permeability, and a high affinity for agonist, which determines their 
long lasting activation after a short exposure to glutamate. As a result, NMDARs act 
differently from most other receptors. These receptors are channels of high conduc-
tance - from 17 to 83 pS depending on the molecular variant and subconductance level. 
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Figure 1.1 : Organisation of glutamate receptors at the postsynaptic 
specialisation. NMDARs are colocalised with AMPA receptors, and form 
a complex with many scaffolding proteins; some of these interactions are 
shown here. CaMKII directly binds to the NMDAR and can further link 
to actin and a-actinin. These structural proteins connect CaMKII with 
many other molecules, including PSD95. CaMKII also forms a complex 
with densin-180 and a-actinin. SAP97 forms a complex, along with actin-
binding protein 4.1, with the GluRl subunit of AMPARs. Actin serves as 
the linking element that connects NMDARs and AMPARs at the postsy-
naptic specialisation (reproduced from Fink and Mayer, 2002) 
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Conductance levels of 50pS are the most common, accounting for 77 to 83% of open-
ings in NR2A and NR2B receptors (reviewed in Dingledine et al., 1999). The single 
channel gating of NMDA receptors in the synaptic current contributes substantial noise 
at physiologically relevant frequencies (Robinson et al., 1991 ). NMDAR are permeable 
to Ca2+, Na+ and K+, and have a reversal potential around O m V. 
The NMDAR has an allosteric interaction with glycine, which was originally shown 
to potentiate responses in cultured neurons (Johnson and Ascher, 1987). Further studies 
have shown that glycine acts as a co-agonist for the NMDAR (Kleckner and Dingle-
dine, 1988). However, the physiological role of the glycine site in the regulation of 
NMDA receptor activity remains unclear. Whereas glutamate and glycine are required 
for receptor activation, it is glutamate that appears to play the neurotransmitter role, 
being released from presynaptic terminals in an activity~dependent manner, whereas 
glycine is apparently present in sufficient quantities at a more constant level, indicating 
a more modulatory function (for review, see Kemp and Leeson, 1993). NMDAR ki-
netics strongly suggest that two molecules of glutamate and two molecules of glycine 
are needed for its activation (Benveniste and Mayer, 1991; Clements and Westbrook, 
1991). 
,.. 
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1.4.1 Ca2+ permeability 
The equilibrium calcium permeability of glutamate channels has been studied using a 
modified Goldman-Hodgkin-Katz equation to account for the shift of the reversal po-
tential which occurs as a consequence of changing the extracellular Ca2+ concentration 
(Mayer and Westbrook, 1987). Calculations performed for the non-NMDA receptors 
and the nicotinic receptor, and comparisons with the value obtained for NMDA re-
ceptors, suggest that the NMDAR has a higher Ca2+ permeability than these other 
channels (reviewed in Ozawa et al, 1998). However, the fraction of current carried 
by calcium through NMDA receptors is only around 10% (Rogers and Dani, 1995). 
The large APV-sensitive Ca2+ influx, implicated in triggering long term potentiation, is 
principally due to secondary activation of voltage dependent Ca2+ channels by NMDA 
receptor-induced depolarisation, rather than flux through NMDA receptors themselves 
(Miyakawa et al., 1992; reviewed in Kandel et al. 2000). 
After local rises in free intracellular Ca2+ concentration, CaMKII binds to NMDARs 
and once in this position it can modulate other proteins in the postsynaptic special-
isation scaffold involved in neuronal plasticity, such as NMDARs themselves. It is 
involved in a cascade of events that leads to the phosphorylation of AMPARs. The 
autophosphorylating property of CaMKII allows it to serve as a 'memory' molecule, 
remaining active subsequent to the initial Ca2+ stimulus (Fink and Meyer, 2002), and 
it has been implicated as a mediator of neuronal plasticity that links the transiently trig-
gered Ca2+ signals to persistent changes in neuronal physiology (McGee and Bredt, 
2003) . 
1.4.2 The time course of NMDAR synaptic currents 
The time course of the synaptic response of NMDARs is determined by the time that 
the neurotransmitter remains in the synaptic cleft and its high affinity with the receptor 
(Lester et al., 1990; Hestrin et al., 1990b). The degree of saturation of postsynaptic 
NMDA receptors after synaptic release can be estimated from knowledge of the trans-
mitter time course and its binding and unbinding rates. Clements et al. (1992) studied 
this process by means of a kinetic analysis, using competitive antagonists for NMDA. 
Their results suggest that 97% of NMDA receptors bind two molecules of glutamate 
after release from a single vesicle. During a synaptic event, glutamate concentration 
rises to rv 1 mM for 1 ms in the synaptic cleft (Clements et al., 1992). Thus, the slow 
time course of the decay of the NMDA current (up to hundreds of milliseconds) is 
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determined not by the decay of glutamate in the synaptic cleft but by the rate of un-
binding or dissociation from the channel: a process known as deactivation. Therefore 
in experimental studies it is important to consider the different affinities of endogenous 
and synthetic agonists for this receptor (Patneau and Mayer, 1990). L-glutamate is the 
highest-affinity endogenous agonist for NMDAR. L-aspartate, which is thought to be 
utilised at synapses in the brain has a lower affinity, and the synthetic agonist NMDA 
has an even lower affinity, although it has much higher selectivity for this receptor than 
other glutamate receptors. 
1.4.3 Voltage dependence 
Ault et al. (1980) first showed that extracellular Mg2+ ions at physiological concentra-
tions block the NMDA response. The discovery that this blockage was voltage depen-
dent (Nowak et al., 1984; Mayer et al., 1984) explained the nonlinear current-voltage 
relation of NMDA induced currents in physiological solutions. The fraction of the 
membrane voltage sensed at the blocking site (<i) has been deduced from either the 
voltage dependence of the whole cell current (Mayer et al., 1984; Mayer and West-
brook, 1987) or from the voltage dependence of the single channel flicker observed in 
the presence of Mg2+ (Ascher et al., 1988). The value for <5 has been estimated to be 
around 80%. Internal Mg2+ has also been found to block the NMDAR at a site that has 
been estimated to be 60% through the membrane voltage field from the outside of the 
channel (Johnson and Ascher, 1990). However, there is evidence that binding sites for 
Na+ and Cs+ cations in the NMDAR pore may influence binding of Mg2+(Antonov 
et al., 1998; Antonov and Johnson, 1999), and together with molecular experiments, 
this suggested that the blocking site is actually located physically about half way across 
the channel, as revealed by site-directed mutagenesis (Wollmuth et al., 1998). 
In a medium containing physiological concentrations of Mg2+ ( ,.._, 1 mM), the NMDA 
receptor mediated current is maximal around -30 m V, and is reduced at more hyperpo-
larised potentials despite the increased electrical driving force. The inward current is 
negligible at -80 m V, and the I-V relation of the NMDA response thus exhibits a clear 
negative slope conductance between -30 and -80 m V. As can be seen in Figure 1.2, this 
negative slope conductance is eliminated by removing Mg2+ from the external solution 
(Nowak et al., 1984; Mayer and Westbrook, 1985). 
EPSCs or excitatory postsynaptic potentials (EPSPs) mediated exclusively by NMDA 
receptors are relatively slow when compared with the sub-millisecond activation of 
currents mediated by non-NMDA receptors (Kleppe and Robinson, 1999), owing to 
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Figure 1 _2: Mg2+ block of NMDA receptor channels. Current-voltage 
relation of whole cell current induced by lOµM glutamate in a cultured 
mouse neuron bathed in a saline solution with 0.5 mM Mg2+ (-o-), or with 
no added Mg2+ (-•-) (reproduced from Nowak et al., 1984 ). 
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the slow kinetics of the NMDA receptor-channels (Lester et al., 1990; Hestrin et al., 
1990b). Near the resting membrane potential, however, most NMDA receptor chan-
nels are blocked by Mg2+ and collectively do not pass much current. A single exci-
tatory postsynaptic potential evoked from such a glutamate synapse will therefore be 
due mainly to non-NMDA receptors. At more depolarised potentials, such as those that 
occur when the membrane is injected with current, or when a train of stimuli is given 
to summate synaptic responses temporally, the evoked response becomes a mixture 
of NMDA and non-NMDA components (see Fig. 1.3 reviewed in Johnston and Wu, 
1995 and Koch; 1999). The slow decay of the NMDA phase means that the NMDA-
activated conductance remains elevated for hundreds of milliseconds after the AMPA 
phase is finished. This difference in timing could have profound effects on the firing 
behaviour of cortical neurons (Harsch and Robinson, 2000), and means that at cer-
tain potentials NMDAR can contribute much more excitatory charge per EPSC than do 
AMPA receptors. 
At the cellular level, NMDAR activation regulates neuronal development in the em-
bryonic nervous system, and acts as the first event in a complex biochemical cascade 
underlying mechanisms of long term potentiation in neurons (see McBain and Mayer, 
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Figure 1.3: Synaptic currents in a cortical pyramidal cell. Response of 
a cortical pyramidal neuron recorded in whole-cell to synaptic stimulation. 
Stimulation in the brain slice was elicited using a bipolar extracellular elec-
trode with timing of stimulus indicated by the arrow. Recording at two 
different holding potentials: at -70mV (blue trace) the main component is 
due to AMPA receptors as NMDA receptors are blocked by Mg2+. When 
the cell is depolarised to -30mV (red trace), the NMDA receptors unblock 
and contribute a long lasting component to the synaptic current. The dotted 
line indicates the baseline. 
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1994 for a review). The voltage dependence ofNMDARs is thought to underlie the de-
tection of coincidence of pre- and postsynaptic action potentials, as the relief of Mg2+ -
block by a backpropagating action potential can cause additional Ca2+ -influx by means 
of a supralinear summation of intracellular calcium changes when paired with synap-
tic activation (reviewed in Helmchen, 2001). This coincidence-detection is critical in 
determining changes of synaptic strength. The direction of synaptic changes (i.e. po-
tentiation or depression) may be sensitive to the relative timing of pre- and postsynaptic 
action potentials (Markram et al. 1997; reviewed in Bi and Poo, 2001 ). 
1.4.4 NMDAR role in excitability 
Neurons are spo,ntaneously active in vivo, and NMDA channels activate at low gluta-
mate concentrations, owing to the high affinity of the glutamate binding site, and thus 
are tonically active during long periods of activity (Sah et al., 1989). They are also 
involved in synaptic responses to natural stimuli (Fox et al., 1990; Armstrong-James 
et al., 1993). 
Although much attention has been focused on the possible role of NMDA receptors 
in elevating intracellular free Ca2+ concentration (see Collingridge and Lester, 1989 
for a review), they may have an important role also in the generation of electrical sig-
nals in specific cellular compartments. Under normal conditions, the NMDAR may 
contribute around half of the excitatory synaptic cmTent in cortical neurons and is a 
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major determinant of the variability of spike generation (Harsch and Robinson, 2000; 
Robinson and Harsch, 2002). Schiller et al. (2000) have suggested that NMDA re-
ceptor channels participate to an important extent in the generation of spikes in basal 
dendrites of cortical pyramidal neurons. Activation of clustered neighboring basal in-
puts in the basal dendrites initiates local dendritic spikes. These slow spikes are ac-
companied by large calcium transients restricted to the activated dendritic segment. In 
contrast to conventional sodium or calcium spikes, these spikes are mediated mostly 
by NMDA receptor-channels, and simulations of cortical pyramidal cells suggest that 
80% of the total charge is contributed by these receptors (Schiller et al., 2000), acting 
as a coincidence-detection amplification mechanism. 
1.4.5 Molecular structure 
The first cloned NMDA receptor (Moriyoshi et al., 1991) showed unexpected struc-
tural similarities with the non-NMDA receptor subunits (Hollmann et al., 1989). This 
sequence similarity suggests a common evolutionary origin for all the ionotropic gluta-
mate receptor genes. The first identified receptor NRl has hydrophobic sequences first 
thought to represent four membrane domains named M 1 to M4 after their equivalents 
in the acetylcholine receptor. However, glutamate receptors are now thought to have 
only three transmembrane domains - Ml,M3 and M4- (Hollmann et al., 1994), plus a 
cytoplasmic facing re-entrant membrane loop (M2) (see Fig. 1.4). Thus the N terminus 
is located extracellularly and the C terminus intracellularly. The NRl subunit is formed 
by the product of a single gene with different splice variants (Nakanishi et al., 1992; 
Hollmann et al., 1993). 
Residues in the reentrant loop control key permeation properties of the ion channel. 
Mori et al. (1992) first showed that mutagenesis in a single asparagine residue in the 
M2 segment eliminates both Ca2+ permeability and Mg2+ block. More recently studied 
mutations of amino acids in several well separated region~ of NR2 subunits, have been 
shown to influence Mg2+ block. It is now accepted that at least three elements of the 
NR2 subunit, located within the pore, are the major determinants of specific differences 
of Mg2+ block in heteromeric NMDA receptor channels (Mori et al., .1992; Kuner and 
Schoepfer, 1996; Wollmuth et al., 1998). 
Five NMDA receptor subunit cDNAs have now been characterised for mouse brain 
(NRl, NR2A-D) and seven for rat brain (NRl, NR2A-D, NR3A-B), and several of 
their human homologues have been identified (reviewed in Dingledine et al. 1999). 
Different NR2 subunits are products of different gene expression. The rat, mouse and 
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Figure 1.4: Topology of an NMDAR subunit. Presumed membrane topol-
ogy of the NMDAR subunits (NRl and NR2). Hydrophobic segments Ml, 
M3 and M4 are shown as white boxes. The thick lines indicate regions 
proposed to form the extracellular vestibule as contributed by NRl. The 
channel's narrow constriction is positioned at the tip of the M2 loop, indi-
cated by a black square (reproduced from Sobolevsky et. al. 2002). 
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human homologues of NRl form functional homomeric NMDA receptors on expres-
sion in Xenopus oocytes that exhibit all the properties of the native NMDA receptor. 
However, the magnitude of currents generated by receptor activation is much smaller 
than that observed in oocytes injected with native mRNAs, which contain a mixture 
of NMDAR subunits (Moriyoshi et al., 1991). Furthermore, NR2 receptor subtypes 
from the rat brain do not express functional NMDA receptors by themselves, but only 
potentiate the receptor function when coexpressed with the NR 1 subunit. Therefore, 
from these observations it has been concluded that the native NMDA receptors require 
NR 1 as their fundamental subunit and form heteromeric configurations with different 
NR2 subunits that may be regarded as modulatory, and th~t the functional properties of 
different assemblies are distinct depending on the NR2 subunits that form the channel 
(Meguro et al., 1992; Monyer et al., 1992). 
Together with evidence from in situ hybridization, which reveals distinct, develop-
mental and anatomical, expression patterns for individual NR2 subunits it seems likely 
that a variety of heteromeric assemblies of native NMDA receptors exist (Momiyama 
et al., 1996; Rumbaugh and Vicini, 1999). Using pharmacological studies, Kew and 
collaborators (1998) have suggested that a single NMDA receptor can contain more 
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than one type of NR2 subunit (NR2A and NR2B), NR2 subunit mixtures in the same 
receptor are also indicated by co-precipitation studies. The stoichiometry of assembly 
of NRl and NR2 subunits has been highly controversial, and the results of many care-
ful evaluations of receptor subunit mixtures have disagreed between conclusions which 
characterise the NMDAR as either a tetrameric or a pentameric assembly. Physical 
methods could provide the structure of the protein itself allowing the determination of 
the number of subunits which form the receptor (reviewed in Dingledine et. al. 1999). 
The evidence accumulated so far suggests that in the first weeks of development, 
the NR2B subunit is predominant in some areas of the brain - for example in the cortex 
and in the cerebellum (Monyer et al., 1992; Farrant et al., 1994; Portera-Cailliau et al., 
1996; Kew et al., 1998). After this period -e.g. first postnatal week in rats (Kew 
et al., 1998) see Table 1.1- the expression of channels with NR2A becomes higher, 
and though the NR2B subunit is still present, some differences in their distribution are 
observed (Monyer et al., 1992; Rumbaugh and Vicini, 1999). 
% Current inhibited by ifenprodil In situ hybridisation Quantitative Western blot 
age (i.e. block of NR2B) NR2A NR2B NR2A NR2B 
2-3 90± 2 40% 100% undetectable 70% 
14-15 68± 4 100% 100% 83% 100% 
27-29 65±4 100% 50% 100% 
Table 1.1: Changes in NMDAR NR2A and NR2B subunit expression 
with postnatal age in rats. Subunit-selective pharmacological-inhibition 
of NMDAR current responses and molecular experiments reveal a differ-
ent pattern of expression of NMDAR subunits. For molecular experiments 
percentage values are in relation to the maximum level detected for the 
same subunit earlier or later in development. In situ hybridisation indicates 
mRNA levels and Western blot, protein levels. Data extracted from Kew et 
al. 1998. 
85% 
Specific differences of NMDAR properties are determined by the NR2 subunits. 
Receptors containing NR2A or NR2B have the strongest Mg2+ voltage dependence 
(Wollmuth et al. , 1998), and NR1-NR2C or NR1-NR2D subunits are about ten-fold 
less sensitive to Mg2+ (Monyer et al., 1992; Kuner and Schoepfer, 1996). Glycine affin-
ity is 10-fold lower for NR1-NR2A relative to NR1-NR2B receptors (Priestley et al., 
1995). Also, NMDAR deactivation is much slower for receptors containing the NR2D 
subunit (Monyer et al., 1994). Furthermore, Ca2+ -dependent desensitization is strong 
for NR1A-NR2A receptors and it is less prominent in NR1A-NR2D receptors, but is 
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not significant in NR2B or NR2C-containing receptors (Medina et al., 1995; Krupp 
et al., 1996). The functional significance of .the temporal and spatial distribution of the 
different NMDAR subtypes is still being investigated. NR2C and NR2D-containing 
receptors are expressed early in development (Watanabe et al., 1992) and their pro-
longed activation and low voltage dependence might be important for the formation, 
stabilization, and/or elimination of synapses (reviewed in Dingledine et al., 1999). 
1.4.6 Modulation 
A large amount is now known about the pharmacology and regulation of NMDARs, but 
their kinetics are complex and many issues remain unresolved. The NMDA receptor 
shows a wide variety of allosteric interactions, and many of the endogenous modulators 
(Mg2+ H+ and Zn2+) inhibit the NMDAR in physiological conditions, providing a 
precise regulation of these receptors in the brain (reviewed in Dingledine et al., 1999; 
Cull-Candy et al., 2001). 
An example of the allosteric regulation of NMDA receptors, involves the modula-
tory action of polyamines (e.g. spermine, spermidine, histamine). These effects are 
complex, as polyamines appear to act via multiple mechanisms, and interact with other 
modulatory agents as glycine, and pH changes. Furthermore, this polyamine modula-
tion is dependent on NMDAR subunit composition (for a review see Williams, 1997). 
Extracellular spermine can inhibit the NMDAR in a voltage-dependent manner, in 
the absence of Mg2+, possibly representing a direct block of the channel (Rock and 
MacDonald, 1992; Benveniste and Mayer, 1993). On the other hand, intracellular 
spermine potentiates NMDAR currents in the presence of saturating concentrations of 
glycine (Rock and MacDonald, 1992), and this form of modulation is influenced by 
extracellular pH, producing a greater potentiation at lower pH. Other intracellular ef-
fects of spermine involve an increase in affinity of NMDAR for glycine (McGurk et al., 
1990; Benveniste and Mayer, 1993), or a decrease in affinity for glutamate for recom-
binant NR1A-NR2B receptors but not for NR1A-NR2A receptors (Williams, 1994). 
Spermine potentiation develops over a period lasting from a hundred to several hun-
dred milliseconds (for a review see McBain and Mayer, 1994). 
Also, the NMDAR is strongly sensitive to changes in extracellularpH, in contrast to 
AMPA and KA receptors. At physiological pH, the NMDA receptor activity is partially 
inhibited by the extracellular H+ concentration, and inhibition increases with acidifica-
tion (Tang et al., 1990; Traynelis and Cull-Candy, 1991). Two further processes which 
shape NMDAR responses are analysed below: NMDAR desensitisation and changes in 
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open channel probability, and they may also be regarded as modulatory. 
1.4.7 NMDA receptor desensitisation 
NMDA receptors can enter a long-lived non-conducting state in the presence of agonist, 
this desensitisation is analogous to that observed for other ligand-gated receptors (Katz 
and Thesleff, 1957). Another form of desensitisation of the NMDAR results from 
weakening of glutamate and glycine affinity (Nahum-Levy et al., 2001). 
A third form of NMDAR desensitisation is calcium dependent, it is also referred 
to as Ca2+ -dependent inactivation, and has a high physiological relevance. This form 
of desensitisation has been described as requiring transmembrane movement of Ca2+ 
and has been proposed to occur at an intracellular site (Clark et al., 1990; Legendre 
and Westbrook, 1993; Rosenmund and Westbrook, 1993; Vyklicky, 1993). Its time 
course is on the order of seconds, and the process is thought to be modulated by sec-
ond messenger systems and to occur during synaptic transmission (Rosenmund and 
Westbrook, 1993; Tong et al., 1995; Raman et al., 1996). Ca2+ -dependent changes in 
NMDA receptor function have been suggested to involve filamentous actin and might 
occur through a rearrangement of intracellular linkages between the NMDA receptor 
protein and intracellular scaffolding proteins that are controlled by actin, Ca2+, and 
ATP (reviewed by Rosenmund and Westbrook, 1993; McBain and Mayer, 1994). 
Direct high-affinity binding of calmodulin to the NMDAR intracellular tails may be 
involved in the calcium-dependent desensitization of NMDA receptors (Ehlers et al., 
1996). After Ca2+ entry into the cell, calmodulin may compete with a-actinin binding 
to the NRl C-terminal (Krupp et al., 1999) or Ca2+ may also directly reduce the affinity 
of a-actinin for the NMDA receptor C-terminal, in both cases leading to desensitisation 
of channels. This desensitisation has been interpreted as a decrease in the open channel 
probability (Papen) of the receptor (Krupp et al., 1999; Rycroft and Gibb, 2002). 
NMDAR responses also show a gradual rundown in some recording configurations. 
Previous studies have suggested that this rundown is due to a reduction in the NMDAR 
conductance, which can be diminished by up to 20% following the formation of an 
outside-out patch. The decrease in NMDAR response amplitude may be related to 
the unbinding of actin filaments from the receptor as described above, but caused by 
perfusion of the intracellular contents with artificial intracellular solutions as opposed 
to a Ca2+ -dependent inactivation. Agents as phalloidin have been used to stop actin 
depolymerisation and when added to the intracellular solution can prevent the loss of 
conductance (Clark et al., 1997). 
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Papen Patch configuration Reference/ 
Preparation 
0.002 Whole-cell Huettner and Bean, 1988 
Cultured visual cortical neurons 
0.27 Outside-out Jahr, 1992 
Cultured hippocampal neurons · 
0.037 Whole-cell Rosenmund et al., 1995 
0.24 Outside-out Cultured hippocampal neurons 
0.04 Outside-out. NR2D Wyllie et al. 1998 
Transfected Xenopus oocites 
0.35 Whole-cell. NR2A Chen et al., 1999 
0.07 Whole-cell. NR2B Transfected HEK cells 
0.22 Outside-out. Control Rycroft and Gibb, 2002 
0.12 Outside-out. Calmodulin Hippocampal granule cells 
0.52 Nucleated patches Benveniste and Mayer, 1995 
0.28 Whole-cell Hippocampal neurons in culture 
Table 1.2: Reported values for NMDAR open channel probability. 
Some experiments have measured Papen comparing two conditions, as in-
dicated. 
1.4.8 Open channel probability 
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Huettner and Bean (1988) were the first to report a quantitative value for NMDA recep-
tor Papen· Using MK-801, a slowly reversible open channel antagonist, they determined 
a Papen of 0.002 from whole-cell recordings of NMDA-evoked currents in cultured rat 
neocortical neurons. However, subsequent studies using MK-801 or other NMDAR 
blockers, have reported widely differing results for Papen, up to as high as 0.52 (Ben-
veniste and Mayer, 1995). Some of this variability may be attributable to differences 
in experimental preparation and protocol, which may affect NMDA receptor inactiva-
tion, and to the assumptions involved in the method. For example two studies have 
shown that measurements of neuronal NMDA receptor Papen made from recordings in 
the outside-out patch mode are significantly larger than those made in the whole-cell 
mode (Benveniste and Mayer, 1995; Rosenmund et al., 1995). More recent studies have 
argued that differences in Papen may actually arise from the molecular composition of 
the receptor (Chen et al., 1999). Therefore, there appears .to be a physiological modu-
lation of Papen, and also experimental conditions are likely to influence measurements 
of this property of NMDAR. See table 1.2, for a comparison of Papen amongst different 
studies. 
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1.4.9 Synaptic vs. extrasynaptic NMDA receptors 
It is not currently possible to study synaptically-localised channels selectively in an 
isolated patch preparation. Studies of synaptic channels are often, therefore, based 
on artificial application of agonists to membrane patches obtained from the soma or 
dendrites of neurons. For this reason, the assumption that synaptic and extrasynaptic 
glutamate receptors are similar, forms the basis of many studies that have sought to 
relate the behavior of channels in excised patches to the macroscopic properties of the 
postsynaptic currents. 
Synaptic and extrasynaptic NMDARs can have opposing roles physiologically, but 
these functions are defined by the chemical cascades initiated by NMDAR-triggered 
Ca2+ entry. Calcium flux through NMDA receptors located in the synapse initiates 
changes in synaptic efficacy and promotes pro-survival events, whereas calcium flux 
through extrasynaptic NMDA receptors is coupled to cell death pathways (Vanhoutte 
and Bading, 2003). 
However, there is evidence based on the similarities of single channel conductance 
and open times distribution, that the channels underlying the NMDA component at 
glutamatergic synapses are functionally very similar to the NMDAR-activated channels 
recorded in response to NMDA application to patches or whole cells (Robinson et al., 
1991; Clark et al., 1997). 
Kinetic and pharmacological studies from cerebellar Golgi cells suggest that while 
NR2B-containing receptors are present in both the synaptic and extrasynaptic mem-
brane, NR1/NR2D receptors do not contribute to the EPSC and appear to be restricted 
to the extrasynaptic membrane (Misra et al., 2000). However, NR2D-containing re-
ceptors do not seem to be present in cortical pyramidal cells either synaptically or 
extrasynaptically (Monyer et al., 1994). 
1.5 The kinetics of Mg2+ block of NMDA receptors 
Ascher and Nowak (1984) analysed the Mg2+ block as a'case of open channel block, 
similar to the classical block of acetylcholine receptors by local anaesthetics such as 
benzocaine (Neher and Steinbach, 1978), which can be represented as follows: 
(1.4) 
This is to say, the activated channel -bound to two molecules of glutamate- is initially 
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closed (state CAA), and changes to the open state (OAA) with closing and opening rate 
constants a and~ respectively. Mg2+can bind and unbind from the open state, blocking 
the channel, OAAB, with rate constants k+ and k_ respectively, inducing flickery fast 
closures which transform long openings into bursts of fast openings. Ascher and Nowak 
provided a careful analysis of the voltage and [Mg2+]0 (external Mg2+ concentration) 
dependence for k+ and k_. They noted that the Mg2+ binding rate constant k+ is 
nearly three times more sensitive to membrane voltage than k_. Also, there was a clear 
dependence of k+ on the [Mg2+]0 , while k_ was independent of this variable. Their 
equations for calculating these variables are as follows: 
k+ - 610000·e- V/I7 · [Mg]0 
k_ - 5400 · ev /47 
with voltage (V) in mV and extracellular Mg2+ concentration ([Mg]0 ) in M. 
(1.5) 
However, Ascher and Nowak (1988) pointed out that the voltage dependence of 
the k+ and k_, analysed from lifetime histograms, is different, yet should be the same 
for this open channel block mechanism. Also, the total open time per burst should 
be constant as the Mg2+ concentration varies, but instead it decreases as the Mg2+ 
concentration increases. They suggested that this could be an indication ofMg2+ bound 
states passing directly back to closed states (i.e. trapping the Mg2+ inside the closed 
channel), or this could reflect the existence of a sequence of blocked states. 
Jahr and Stevens (1990a) pointed out that the kinetic studies of Mg2+ block do not 
lead to a simple physical model (i.e. with a single blocked state) of how the block 
occurs. They proposed that Mg2+ acts by direct block of the channel pore rather than 
introducing a new voltage dependent conformational change. They suggested a model 
with two blocke_d states, both with voltage dependent rate constants but only one with 
Mg2+ -dependent entry. The entire voltage dependence of blocking arises from the 
movement of Mg2+ ions through the transmembrane field (Jahr and Stevens, 1990a). 
These observations (Ascher and Nowak, 1988; Jahr and Stevens, 1990a) have been 
simplified in subsequent NMDAR modelling studies, assuming that the kinetics of the 
magnesium block are extremely rapid; the gating by magnesium has been considered 
to be at equilibrium. Thus, Jahr and Stevens (1990b) found that for physiological mag-
nesium concentrations, the NMDAR mediated current can be described by the voltage-
and magnesium-independent kinetics of the receptor while the block is described by a 
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Boltzmann-type function of voltage that multiplies the conductance (reviewed in Des-
texhe et al., 1994 and Koch, 1999) as follows: 
-F (V M 2+) - 1 1 NMDA ' g - 1 + exp( -0.062V) ( [Mg2+]0 /3.57) (1.6) 
where [Mg2+]0 is the extracellular Mg2+ concentration in mM and the constants 
were determined empirically based on single-channel studies at room temperature (Jahr 
and Stevens, 1990b ). 
A further model for NMDAR kinetics has been proposed more recently, taking into 
account that the rates at which the open or the blocked channel return to the closed 
state appear to be very similar. There is evidence to suggest that glutamate can un-
bind from the blocked channel, unlike for other blockers (e.g. 9-amino-acridine) which 
prevent glutamate unbinding, and only allow dissociation of agonist through the open 
state (Benveniste and Mayer, 1995). In this scheme therefore, Mg2+ remains trapped 
within the channel after dissociation of agonist from the blocked state. This 'trapping 
block' of NMDA receptors has been analysed by Sobolevsky and Yelshansky (2000). 
They proposed a model in which the NMDA receptors can close and desensitise with 
or without Mg2+ blocking the pore, with identical rate constants for blocked and un-
blocked states. Their study was carried out in stationary conditions (holding potential 
of -100 m V), while perfusing hippocampal cells for variable times with solutions con-
taining the blocker and/or agonist. 
1.5.1 Time dependence of Mg-block and unblock kinetics for the NM DAR 
So far, most investigations on NMDA receptor channel kinetics have used constant volt-
age to study the single-channel kinetics. Only a couple of studies have addressed the 
question of how quickly NMDARs block and unblock during voltage steps from rest 
in physiologicaf Mg2+ concentrations. A block and unblock time constant of 3 ms has 
been reported, however these recordings appear to suffer from cable filtering and space 
clamp problems (Mayer et al., 1984). The most relevant observations on Mg2+ -unblock 
timecourse are those of Spruston et al. (1995) who reported a predominantly fast com-
ponent of unblock and a Mg2+ -dependent slower component in dendritic outside-out 
patches of pyramidal hippocampal neurons. Their recordings show that during 5 ms 
depolarisations, only half of the stationary NMDAR current unblocks in a voltage step 
from -80 to +40mV. These early studies, however, did not remark on the need for ki-
netic models to account for the time dependence of this slow unblocking component. 
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Figure 1.5: Equilibrium distribution of unblocked NMDAR conduc-
tance. Stationary distribution of the fraction of unblocked conduc-
tance (gunblocked), calculated with a Boltzmann-type equation as follows 
gunblocked = 1/[1 +11 · exp(-y· v)], with 11 = 0.33mM- 1 and y.=0.06mv- 1 
(Koch, 1999), analogous to Eq. 1.6 but with slightly different voltage de-
pendence parameters. 
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When modelling the behaviour of neurons, the NMDAR activation after glutamate 
exposure has been calculated as an exponential function with one fast rising time con-
stant and two or three decaying exponentials (Konnerth et al., 1990). NMDAR activa-
tion has also been modelled using explicit kinetic descriptions for binding/unbinding 
of glutamate and for desensitisation (Destexhe et al., 1994). 
However, it has universally been assumed so far that the block and unblock of 
NMDA receptors reaches an instantaneous equilibrium in conditions of nonstation-
ary voltage (Pongracz et al., 1992; Destexhe et al., 1994; Mel, 1993; Spruston et al., 
1995; Grillner et al., 1995; Lansner et al., 1998; Shepherd, 1998; Koch, 1999; Schiller 
et al., 2000). The synaptic NMDA current has been calculated in all cases from an in-
stantaneous voltage and magnesium dependence as that described by Jahr and Stevens 
(1990b), with a Boltzmann-type equation (Equation 1.6). The synaptic NMDAR cur-
rent has been computed by looking up the fraction of unblocked channels (see Fig. 1.5) 
indicated by such a Boltzmann-type distribution and scaling the conductance or open 
channel probability accordingly. 
However, Mg2+ -block is not at equilibrium during fast-changing membrane poten-
tial and it is necessary to understand the timescales with which this equilibrium with 
voltage is attained. 
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1.6 Aims of this study 
The relatively slow decay of the NMDA phase produces a long-lasting component of 
elevated conductance at glutamatergic synapses which follows a very rapid conduc-
tance transient, mediated by AMPA receptors (Forsythe and Westbrook, 1988; Lester 
et al., 1990; Robinson et al., 1991). Its nonlinear current-voltage dependence, means 
that a positive feedback between depolarisation and inward current through activated 
NMDARs is needed for NMDAR to contribute significantly to membrane excitability. 
The timing ofMg2+-unblock is critical in determining the contribution ofNMDARs 
to spike generation. To have an appreciable effect, unblock must keep pace with the 
rate of depolarisation, leading into and during spikes - a small difference in the timing 
of unblock at the millisecond timescale could have a large effect on spike generation. 
Therefore, the exact voltage-dependence of channel kinetics and timing of Mg2+ -block 
and unblock during changing membrane potential must be important for determining 
the nonlinear response of the membrane and shaping action potentials. 
However, as described above, all previous modelling studies of NMDAR function 
in synaptic integration have assumed that the voltage-dependence of magnesium block, 
which is almost total at the resting potential and almost completely relieved at +20 m V, 
is effectively instantaneous. The crucial question in assessing its role in synaptic inte-
gration is exactly how quickly on the millisecond time scale, the channel unblocks and 
re-blocks during physiological membrane potential waveforms. To be able to account 
quantitatively for the function of NMDAR in excitability and synaptic integration, it is 
very important to know how the current through the channel depends on time as well 
as on the membrane potential: its voltage-dependent kinetics. 
Therefore, this project was designed to obtain high quality recordings of NMDAR 
current during steps of voltage and during natural action potential waveforms; to use 
channel kinetics to provide a quantitative model for NMDAR function; to check if it 
can account for NMDAR current during natural membrane potential waveforms; and 
finally, to show the functional importance of NMDAR voltage-dependent kinetics. 
Chapter 2 
Methods 
2.1 Background: Studying ligand-gated channels in brain 
slices 
2.1 .1 The brain slice technique 
The brain slice technique (Yamamoto and Mcllwain, 1966; Andersen et al., 1972; Al-
ger et al., 1984) has greatly facilitated the investigation of the electrical properties of 
neurons and the analysis of synaptic transmission in the mammalian central nervous 
system. Although it was initially greeted with scepticism, this technique has become 
very popular over the last two decades, and is now used in many neurophysiology lab-
oratories throug~out the world. This is because neurons in brain slices remain healthy, 
and their connections are preserved to some extent. At the same time technical prob-
lems encountered in in vivo experiments such as mechanical instability and difficul-
ties in modifying the extracellular environment are overcome. Furthermore, the brain 
slice technique, when combined with infrared differential interference contrast (IR-
DIC) videomicroscopy (Dodt and Zieglgansberger, 1990; Stuart et al., 1993) permits 
the recording of membrane potential and currents from anatomically-identified cells 
and even small processes such as dendrites and axons. Even though the ultimate goal 
of neurophysiologists is to know how the brain functions in the intact animal, slices 
are now widely accepted as making an indispensable contribution to our knowledge of 
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brain physiology. 
2.1.2 Recording single channel currents with the 'patch clamp' method 
Patch clamp is a term used to describe a set of related techniques used to record ionic 
currents flowing through cell membranes. It allows the resolution of currents in the 
picoampere range making it possible to record ionic currents through single membrane 
channels. 
High resistance membrane seals 
The work of Neher, Sakmann and collaborators (Hamill et al., 1981) showed that when 
a glass pipette is brought in contact with a cell membrane and slight suction is applied, a 
tight seal, with a resistance of the order of gigaohms, will be formed between the pipette 
tip and the cell membrane. As a consequence, the flux of ions to and from the inside of 
the pipette occurs almost exclusively through the ion channels in the membrane patch. 
Stuart et al. (1993) combined and modified previous approaches to create the blow and 
seal method most widely used nowadays for obtaining cell patches in brain slices. The 
surface membrane of the target cell is cleaned of surrounding tissue by applying strong 
positive pressure to the recording pipette, while positioning it under visual control. The 
seal is then formed by applying slight negative pressure while monitoring the resistance 
of the pipette. 
Voltage· clamp 
In order to measure a current due to a specific type of ion channel flowing through the 
cellular membrane, it is necessary to isolate it from other currents flowing at the same 
time: the capacitative current, the resistive current, and any current flowing through 
other channels of different properties. The capacitative current only flows when there 
is a change in membrane potential, that is when the derivative of membrane voltage is 
nonzero (/c = cdJ;i ). The voltage clamp paradigm is used to maintain a fixed mem-
brane potential Vm = Vctamp , therefore stopping the flow of capacitative current and to 
allow the systematic study of voltage-dependent kinetics. This is achieved by supply-
ing the current needed to keep the membrane at an intended potential by means of a 
high-gain feedback amplifier. This current is in fact equal and opposite to the current 
flowing through the membrane. This technique was developed by Marmont (1949), 
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Figure 2.1: Experimental setup scheme. The main components of the 
experimental setup are shown. Pressure ejector connected to a single barrel 
was used instead of fast perfusion lines for some experiments. 
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Cole (1949) and Hodgkin, Huxley and Katz (1949) and has since been used routinely 
to study membr<'!,ne ionic currents. 
To further isolate the current of interest, some currents - flowing through voltage 
dependent channels or activated by endogenous or applied agonists - can be blocked by 
specific toxins. Some other active and passive currents flowing through the membrane 
can be eliminated by leak subtraction methods. 
2.2 Experimental Methods 
2.2 Experimental Methods 
2.2.1 Patch-clamp setup 
Optics 
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For observation, an electrically-grounded inverted-microscope (BW50WI, Olympus. 
London, UK) with infrared differential interference contrast (IR-DIC) was used. The 
microscope was customised to allow manually controlled movement by a two-axis 
coarse Newport manipulator and rolling on ball bearings while the stage remained fixed 
(modification by Huxley Bertram Engineering, Cottenham, Cambridge, UK). This con-
figuration allowed the field of view to be changed while maintaining the recording 
pipette and preparation in the same position, even during a recording. 
The experiments required water immersion objectives (LUMPlan FL 60x, and UM-
Plan FI lOX Olympus) with a high numerical aperture (0.9/0.3 respectively) and long 
working distance (2 mm/3.3 mm) to allow access of recording and perfusing pipettes to 
the brain slice surface. An infrared CCD camera (Procam PK-45) together with a cus-
tom made image enhancer (Electronics workshop, Dept. of Physiology, Cambridge) 
was used to display the image on a monitor screen. 
Manipulation of recording and perfusion pipettes 
Two pipette manipulators were used to obtain membrane patches: a Huxley mechan-
ical micromanipulator (Huxley Bertram Engineering) and an electronically controlled 
manipulator (LN Mini, Luigs & Neumann, Ratingen, Germany). Both allowed a high 
precision movement of the pipettes; however, the latter allowed a higher success rate 
for nucleated patch formation, because of its remote control. Perfusion pipettes were 
positioned using coarse manipulators (Narishige and LN Mini Manual, Luigs & Neu-
mann). 
Perfusion of brain slices 
Perfusion of brain slices during recording was achieved by placing a reservoir contain-
ing artificial cerebrospinal fluid (ACSF, see Table 2.1 for composition) approximately 
1 m above the preparation, and allowing the solution to flow by gravity. The flow was 
set at approximately 5 ml rnin-1 using a flow control extension (Dial-a-flo, Venisys-
tems, Abbot Ireland), and directed to the recording chamber using a fire-shaped cap-
illary glass. The excess solution on the opposite side of the chamber was removed by 
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suction from a vacuum pump (Dymax 30, Fisher, Loughborough, UK) through a bent 
and fire-polished capillary tube. Local perfusion of agonist to membrane patches will 
be described below in section 2.2.5. 
Amplification and recording of signals 
All currents from nucleated and cell-attached patches were amplified using an Axopatch-
200A (Axon Instruments, Foster City, CA, USA). Signals were filtered at 5 kHz (-3 dB, 
four-pole Bessel) and sampled with 12-bit resolution at 20 kHz. Analogue to digital 
conversion was achieved using a National Instruments analogue board (AT-MI0-16-
DE-10). Custom software was used for stimuli generation and data acquisition using 
MATDAQ (HPC Robinson, 1999), a set of "mex-functions" written in C which allow 
waveform acquisition and generation from within MatLab (Mathworks, Massachusetts, 
USA). 
Measuring the step response of the recording system 
The step response of the recording system was measured using a wave generator and 
applying triangular voltage waves through a wire located very near a recording pipette 
at the amplifiers headstage. This induces square waves of current in the headstage 
through the capacitance coupling of the air gap. The step response with which the 
recording system resolved the square changes of current was well fitted by an error 
function (integral of a Gaussian) with cr = 40 .us and a 10 to 90% rise in 70 µs. 
2.2.2 Brain slice preparation 
Using UK Home Office approved procedures, brains were removed from 8-16 day old 
Wistar rats killed by cervical dislocation. The brain was rapidly extracted and placed in 
ice-cold ACSF (Table 2.1). A sagittal cut was made between the two hemispheres, and 
the excess liquid was removed using filter paper. A hemisphere was then glued with 
cyanoacrylate glue (Superglue) to a Teflon surface in the slicing chamber, and bathed 
with ice cold slicing-ACSF (Table 2.1). 
Sagittal slices 300 µm thick were cut on a vibrating slicer. Two different slicers were 
used: a manual microslicer (Campden Instruments Leicester, UK) and an automatic 
microslicer (DTK-3000 D.S.K. Osaka, Japan). Slices obtained with the latter had a 
better surface, which was advantageous for obtaining nucleated patches. The tissue 
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chemical ACSF HEPES buffer 
NaCl 125 140 
KCl 2.5 2.4 
NaHC03 25 -
glucose 25 25 
NaH2P04 1.25 -
CaCl2 2 2 
MgC}i 1a 1 
HEPES - 10 
glycine lOµM lOµM 
~For the slicing procedure this concentration 
was raised to 3mM 
Table 2.1: Extracellular solutions for recording of brain slices. Num-
bers indicate concentrations of corresponding chemical in mM unless stated 
otherwise. Artificial cerebrospinal fluid (ACSF) was bubbled with a 95% 
02, 5% C02 gas mixture, giving a pH of 7.4. HEPES buffer pH was ad-
justed to 7.4 with NaOH. 
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was kept in continuously-bubbled ACSF and remained in good condition for recording 
for up to 5 hours after dissection. 
2.2.3 Recording currents from pyramidal cells 
Recording pipettes 
Recording pipettes were obtained from borosilicate glass capillaries (1.5 mm O.D.-
0.86 mm I.D. Harvard Apparatus LTD, Kent, UK) using a micropipette puller (P-97 
Sutter Instruments, Novato, CA, USA). Patch pipettes had resistances of 5-6 MQ when 
filled with intracellular solution. In some experiments the shanks of pipettes used for 
nucleated patch recordings were coated with dental wax or Sylgard (Merck, Lutter-
worth, UK) to reduce the pipette capacitance, and heat-polished. However, the suc-
cess rate of nucleated patch formation was greatly reduced with coated pipettes, hence 
in other experiments pipettes were not coated, and a good signal to noise was still 
achieved. Control voltage-pulses before agonist application were applied in order to 
allow assessment of leak correction. 
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chemical K-Based Cs-Based Cs-EGTA Cs-BAPTA 
CsCl - 30 30 30 
KCI 20 - - -
K-Gluconate 100 - - -
Cs-Methane Sulfonate - 75 50 50 
GTP 0.3 0.3 0.3 0.3 
Mg-ATP 4 4 4 4 
Phosphocreatine-N a2 20 20 20 20 
Creatine Phosphokinase 5u/ml 5u/ml 5u/ml 5u/ml 
HEPES 10 10 10 10 
EGTA - - 10 -
BAPTA - - - 10 
Table 2.2: Intracellular solutions used in the experiments. Numbers in-
dicate concentrations in mM of corresponding chemical, unless stated oth-
erwise. 
Pipette 'intracellular' solutions 
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Pipette solutions were modelled on the intracellular composition of cortical pyramidal 
neurons (Sakmann and Stuart, 1995) since in all membrane patch configurations the 
pipette solution had access to the intracellular side of the membrane. See Table 2.2 for 
composition of solutions. In order to block most potassium currents, K+ was substi-
tuted with cs+ (Hille, 2001), and EGTA or BAPTA were added to buffer ca2+. It is 
stated in the Results which intracellular solution was used for each recording presented. 
All chemicals were purchased from Sigma-Aldrich (Gillingham, UK) unless otherwise 
stated, and high purity chemicals were used. 
Solutions were stored at -20 °C and defrosted immediately before use. Pipettes were 
filled by means of Eppendorf microloaders (Merck, Lutterworth, UK) coupled to 1 ml 
syringes, and 0.45 µm filters with a 4 mm diameter (Millipore, Watford, UK) to prevent 
block of the pipette tip by small particles. 
Junction potential correction 
Membrane potentials were corrected to take into account the liquid junction potential 
(LJP): the residual potential between pipette and bath solutions due to different mobil-
ities of ions at interfaces between different solutions. Before establishment of a seal, 
while the electrode is in the bath this is balanced by applying an offset in the pipette to 
zero pipette current. When a patch recording is established, the LPJ disappears but the 
offset is still applied. Therefore, the measured LPJ was subtracted from the command 
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potential for resistance testing while the pipette was in the bath allowing zeroing of the 
current, but with corrected membrane potential after establishment of the recording. 
To measure LPJ, as described by Neher (1992) a 3M KCl filled pipette with a well 
chlorided silver wire inside was used as the bath ground. ACSF was used to fill a patch 
pipette and mounted onto the patch clamp headstage. To start the measurement the bath 
was also filled by ACSF and the voltage reading on the amplifier set to zero by adjusting 
the offset. The bath fluid was then exchanged to pipette solution. The resulting offset 
reading (approximately lOmV for all solutions) indicated the liquid junction potential. 
Temperature during recording 
Most recordings were carried out at room temperature 22- 24 °C. For recordings at 33 -
36°C the perfusion line was connected to a custom-made heater, which was built using a 
metal U shaped tube running through a 7W 18Q wire wound resistor (RS components, 
Corby, UK) insulated with tape neoprene foam (Matthews, 1999). The heater was 
powered with a D.C. power supply (35V lOA, Farnell), and the voltage was adjusted 
manually to produce the desired temperature. 
2.2.4 High resistance membrane seals 
For recording, a single slice was transferred to a recording chamber, and stabilised with 
a nylon-mesh attached to a metal ring (Sakmann and Stuart, 1995). Two different patch 
clamp configurations were used during this study: whole cell and nucleated patches. 
Whole cell recordings 
After a visual inspection of the slice neocortex using IR-DIC, a healthy looking pyrami-
dal cell, generally close to the slice surface, was situated in the field of view. Recordings 
were limited to neurons of layer 2/3 and 5 of visual and somato-sensory areas. A 2 m V 
voltage step was applied to monitor the resistance of a recording pipette filled with 
intracellular solution during the patch formation procedure. The pipette was brought 
near the cell while positive pressure (100 to 70 mbar) was applied to the pipette to drive 
away particles that could potentially block the tip. Once near the cell the pipette was 
slowly advanced unti}it touched the cell and a dimple appeared on the soma. The 
positive pressure was then released and slight suction was applied until the resistance 
increased to a value on the order of GQs. The voltage pulse baseline was then changed 
to a value near the resting potential of the cell (-70 m V), and further suction was applied 
------ -----------------------------" 
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through the pipette until the capacitance transients became slower, indicating access to 
the whole cell membrane. 
Nucleated patch recording 
Nucleated outside-out patches (Sather et al., 1992) were extracted from the soma of 
neurons starting from the whole cell configuration as described above. Negative pres-
sure ( -200 to -180 mbar) was applied when recording, and the pipette was slow I y re-
tracted. Provided that retraction was gentle it was possible to obtain large patches of 
membrane containing the nucleus of the neuron. The process of pulling a nucleated 
patch typically took between 2 and 5 min. Following extraction of the patch pressure 
was reduced to -30 to -50 mbar for the duration of the experiment, and patches were 
held at -40 m V or -70 m V. Generally, patches were lifted away from the slice surface 
to allow better perfusion and reduce electrode capacitance to the bath. Patches were 
near-spherical with diameters around 10 µm (see Fig. 2.2B), and resistances > 1 GQ. 
Capacitance transients following a test pulse applied to the patch could be almost fully 
compensated. Linear leak and capacitative currents were subtracted off-line (see be-
low). 
2.2.5 Agonist application to cell membrane 
Computer-controlled pressure ejection 
To activate NMDAR currents, cells or nucleated patches were perfused locally with 
ASCF containing agonist in concentrations of 20 to 60 µM for NMDA and 5 to 30 µM 
for glutamate, in the latter case adding 10 µM CNQX both to the perfusate and bath 
solution. To minimize cable filtering of currents in whole cell recordings, superfu-
sion with agonist was confined to the somatic region of the cell. For local perfusion 
a second pipett€ (tip diameters between 4-6 µm) was connected to a custom made 
computer-controlled pressure ejector (Electronics workshop, Dept. Physiology, Cam-
bridge). Voltage steps were delivered during the agonist perfusion to study the volt-
age dependent activation of the channels when equilibrated with agonist. Perfusion 
was started 500 to 800 ms prior to the voltage step, to ensure complete replacement of 
external solution at the membrane by perfusate before the voltage step, and a steady 
current was attained in a few hundred milliseconds (see Fig 4.1 ). The preparation was 
continuously perfused with ACSF containing lOOnM tetrodotoxin (Tocris) to block 
voltage-dependent Na+ channels. Control recordings were taken by applying the same 
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voltage steps during perfusion by bath solution, and were used for later leak correction 
of currents. 
Fast perfusion 
Fast perfusion techniques are used to mimic synaptic release or to study synaptic re-
ceptor fast kinetics (reviewed by Jonas, 1995). The technique that I used was based on 
a double-barrelled application pipette made from theta glass tubing, so-called because 
a cross section resembles the Greek letter e. Both barrels were continuously perfused 
with control and test solution (see Fig. 2.2C). The interface between the two solutions 
can be moved very rapidly ( < 1 ms) across the patch by a piezoelectric element to which 
the application pipette is attached. 
The theta glass tube ( 1.5 mm diameter, 10 cm length, Harvard Apparatus, Kent UK) 
was pulled to an outside diameter of 50 µm. Using a stereoscopic microscope ( 1 OX) 
the tip was cut to give a tip diameter of approximately 400 µm, using a diamond pencil. 
To connect the two barrels of the application pipette with the solution reservoirs, Ep-
pendorf microloaders (Merck, Lutterworth, UK) were used. The tips were inserted into 
the back ends of the pipette barrels and shifted towards the tip. Subsequently the space 
between the walls and the tubing was filled with two component epoxy resin (Araldite). 
A perfusion rate of about 10 ml houc 1 per barrel was used. Additional bath perfusion 
( about 5 ml min- 1) was kept constant to remove the agonist from the preparation, and 
perfusion was roughly parallel to the direction of solution flow out of the theta tube to 
avoid turbulence. A new theta tube was used each day. 
Solution reservoirs were 100 ml syringes connected to flow regulators and filters 
(0.22 µm with a 25 mm diameter, Fisher, Loghborough UK) to avoid destruction of the 
patch by small particles. As bubbles present in the perfusion lines can immediately 
destroy the patch, bubble formation was prevented by degassing solutions for a few 
minutes using a vacuum pump, and by perfusing the application lines for at least 10 min 
before the experiment. As degassing of solution was necessary, a HEPES buffer was 
used instead of ASCF for fast perfusion experiments (see, Table 2.1 for composition). 
Additionally, a bubble trap was constructed halfway through the line using a 5 ml bulb 
from a bulb pipette. 
A fast piezo translator and power supply are essential to move the theta tube and 
expose the patch to brief pulses of agonist-containing solution. The excursion that 
can be achieved with a single piezo crystal is extremely small, so stacked designs, 
comprised of several piezo crystals built in series are used. A 50 µm range piezo stepper 
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(Luigs & Neumann. Ratingen, Germany) was used, with a custom modification to 
allow continuous position control using an analogue voltage signal (as opposed to the 
two position TTL control of the commercial model). Using fast perfusion allowed 
the recording of interleaved control and test sweeps averaging out the effects of small 
fluctuations on the bath fluid, and as a result a better leak subtraction was achieved 
compared to experiments with computer-controlled pressure ejection. 
Agonist 
NMDA was used as an agonist in order to specifically activate NMDARs and avoid con-
tribution from other glutamate receptors, particularly metabotropic receptors, for which 
highly specific and completely effective blockers are not available, and which can affect 
other voltage-dependent currents. However, since the receptor has a slower dissocia-
tion rate constant for glutamate (Patneau and Mayer, 1990), the kinetics of unblock 
with glutamate activation could differ slightly from those obtained using NMDA. For 
that reason some experiments were carried out using glutamate, and including 1 OµM 
CNQX in both control and glutamate-containing perfusate to block AMPA receptor 
current. All experimental observations of voltage-dependent kinetics were confirmed 
for both glutamate and NMDA, but most of the quantitative analysis was carried out 
using NMDA recordings only. 
2.2.6 Analysis of data 
Leak subtraction 
To study NMDA receptor block and unblock it was necessary to use rapid voltage 
changes. A change in the membrane potential is accompanied by capacitative and re-
sistive currents, and time-dependent currents due to voltage-dependent conductances. 
In order to block sodium channels 100 nM tetrodotoxin (Tocris, Avonmouth, UK) was 
added to all extracellular solutions. Additionally, caesium-based intracellular solutions 
were used in order to block most potassium conductances,. The remaining voltage de-
pendent conductance changes, and associated capacitative and leak currents, were sub-
tracted from the NMDAR currents as follows. In each experiment, both control and 
agonist-induced currents were recorded repeatedly at intervals of 10 s and averaged to 
increase the signal to noise ratio. Each of these ensemble averages typically incorpo-
rated 7 to 15 records. The control average was then subtracted from the agonist-induced 
average, to isolate the NMDAR-mediated ensemble average current, and the variances 
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Figure 2.2: Configurations of recording and perfusion. A. Whole cell 
recording and computer controlled pressure ejection perfusion, B. Nucle-
ated patch recording and pressure ejection perfusion. C. Nucleated patch 
recording and fast perfusion. Scale bars A and B 10 µm, C 100 µm 
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of control and agonist induced currents were added. Errors for leak-subtracted ensem-
ble averages are shown as standard deviation (SD). 
The built-in series-resistance compensation circuitry of the patch amplifier was used 
in most recordings. However, in nucleated patch recordings it did not show a significant 
difference with those records in which it was not applied, owing the very low access 
resistance. 
Fitting of experimental data 
All data acquisition and analysis was performed with MatLab functions . For analysis, 
current responses were digitally filtered (Gaussian filter at Jc= 1 to 2 kHz). A simplex-
minimisation routine (MatLab 'fminsearch' function) was used to obtain least-squares 
fits of rate and time constants from leak subtracted averages of experimental data. 
2.3 Synaptic integration in a simple model of a cortical pyra-
midal neuron 
The integration of synaptic conductance input was modelled using a simple spheri-
cal compartment representing an nucleated patch, with a diameter of 10 µm. Realistic 
membrane parameters for cortical pyramidal neurons were set for this single compart-
ment as follows: Rm= 170KQcm2, Ri = 270Qcm, Cm = 0.75µFcm- 2 (Major et al., 
1994). The parameters of active conductances were defined according to the three-
conductance model of Lytton and Sejnowski (1991) following the same ratio of densi-
ties (values in S/cm2, scaled 1/10 from original values by Lytton and Sejnovski, 1991): 
a Hodgkin-Huxley type fast sodium channel gNa = 0.01, a potassium delayed recti-
fier channel gKd = 0.012, and a slowly activating potassium conductance gKs = 0.02. 
NMDA excitatory conductance was introduced by applying a constant concentration of 
3 µM glutamate and 300 NMDAR channels. Open channel probability was calculated 
from the numerical solution to Eq. 3.2 as explained in section 3.1. Solutions for the 
voltage were obtained using a compartmental model library BSIM, written in MAT-
LAB (H.P.C. Robinson and A. Harsch, 1999-2001) which allowed efficient solution of 
stiff sets of equations with variable time step and a fixed accuracy criterion (MATLAB, 
ode23). 
Chapter 3 
Tools for kinetic analysis and models of 
the NM DA receptor 
The gating kinetics for a ligand-gated receptor can be described by means of state di-
agrams representing Markov processes defined by a set of kinetic states and the rate 
constants between them, as explained in section 1.2.1. The time dependent probability 
of occupancies can be calculated for equilibrium conditions and during nonstationary 
agonist concentration and/or voltage. Firstly in this Chapter, the tools will be presented 
for the kinetic analysis of the occupancy probabilities for the different states in a given 
kinetic model. Secondly, three kinetic models of NMDAR activation will be described; 
existing models of NMDAR activation were combined so that each single model would 
include the binding kinetics of agonist, a desensitised state, the opening and closing 
of the channel, .and voltage dependent kinetics of Mg2+-binding. Additionally, the 
transition rate matrix for each model is presented. These tools and transition rate ma-
trixes will be used in subsequent chapters to explore the voltage dependent kinetics of 
NMDAR-block and unblock. 
3.1 The transition rate matrix and occupancy probabilities 
The time dependent probability of occupation of any state in a given kinetic model can 
be obtained as described by Colquhoun and Hawkes (1977, 1995). The rate constants 
Ii 
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between kinetic states are most conveniently specified as a matrix (denoted Q), with the 
entry in the fh row and fh column (qiJ) representing the rate constant from state i to 
state j. For the cases where there is no communication between states a zero is entered. 
This fills the whole matrix except for the diagonal elements which are filled with the 
sum of all rate constants for leaving state i = j, state multiplied by -1 so that the sum 
of the entries in each row is zero. 
The time dependent vector of state occupation probabilities can be denoted as p(t), 
where Pi(t) describes the probability of the receptor being in state i at time t, p(t) has 
k elements that contain the occupancies for each of the k states. 
p(t) = [PI (t) P2(t) Pk(t) ] 
which has the corresponding vector of derivatives: d~t) = [dpJr(t) dp2(t) 
---at 
(3 .1) 
With this notation, the kinetic equations that describe the system can be written as a 
matrix differential equation: 
dp(t) = p(t)Q 
dt (3.2) 
This result follows directly from the law of mass action. The solution to differential 
equation 3.2 provides us with the kinetic equation to calculate the timecourse of a re-
sponse after a voltage or concentration jump: 
p(t) = p(O)eQt (3.3) 
where p(O) contains the occupancy probabilities at t(O). This is analogous to the solu-
tion of a first order linear differential equation for a single variable. The exponent Qt 
is a matrix, and the matrix exponential term eQ1 can be written as I,~1 Aie""i1, where "-i 
are eigenvalues of the matrix Q, k is the number of states, and Ai are a set of square 
matrices derived .from Q as follows: Ai= mini, where ni denotes the i1h row vector of 
matrix N and mi denotes the fh column vector of matrix M. M is composed of the k 
column eigenvectors of Q and N equals M-1. 
Given these relationships, the solution for a constant Q can· be written in the form: 
. k 
p(t) = p(O) LAie""i1 
i= I 
(3.4) 
"-i is the inverse of the time constant for the fh component. The approach to equilibrium 
will be a mixture of k - 1 time constants, as one eigenvalue will always be zero (i.e. 
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the steady-state term). The same set of k - 1 time constants describe the timecourse of 
change for all the states; what differs from one state to another is the amplitude of the 
coefficients that multiply each exponential term. 
Using equation 3.4 a function was written in MatLab to allow for the calculation 
of exponential components after changes in agonist concentration or voltage (see Ap-
pendix A). For time-varying Q, the matrix differential equation 3.2 was solved numer-
ically by an Euler or Runge-Kutta method for non-stiff differential equations. 
3.2 Kinetic models for the NMDAR 
The NMDAR long-lasting activation after short exposure to glutamate depends on ag-
onist affinity (Lester and Jahr, 1992), and its nonlinear 1-V relation is determined by 
voltage-dependent Mg2+ -block. Previous studies have used kinetic models to study 
the behaviour of the NMDAR channel (reviewed by Destexhe et al. 1994, also see 
http://cns.iaf.cnrs-gif.fr/alain_demos.html). Table 3.2.1 shows the rate constants adopted 
by some studies. 
3.2. 1 Association and dissociation rate constants 
The equilibrium dissociation constant KD is defined by the rate constants for binding 
(k0 n) and unbinding (k01 f) of agonist to the receptor with the following relationship: 
KD = koff /kon· Values for KD have been reported for many NMDAR agonists (see 
Table 3.1, Patneau and Mayer, 1990). However, it is necessary to know or to assume 
a value of kon in order to calculate the unbinding rate constant koff· Previous studies 
have estimated the binding rate for glutamate as 4.9 µM- 1 s-1 (Clements and West-
brook, 1991), and 2.08± 0.9 µM- 1s-1 (Benveniste and Mayer, 1991) for NMDA. For 
the present study, a k0 n of 5 was used for simulations and fits experimental currents for 
glutamate. For NMDA simulations and current response fitting, both values of 2 and 
5 for kon were used. The results for voltage steps responses during stationary agonist 
activation were very similar, in amplitude and time course,, for both cases. However, 
the value of kon = 2 produced a better fit for decaying responses after short pulses of 
agonist, matching the timecourse of decay, and was therefore used for all fits and sim-
ulations of NMDAR current deactivation and desensitisation. 
As discussed in section 1.5 the kinetics of Mg2+ -block of NMDAR was first stud-
ied as an open channel block mechanism (Ascher and Nowak, 1988; Jahr and Stevens, 
11 
I 
I 
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I ECso (µM) I Ko (µM) I 
L-glutamate 2.3±0.6 1.1±0.2 
L-Aspartate 16.9±3.7 7.5±1.7 
NMDA 34.9±9.2 16.4±3.5 
Table 3.1 : Association and dissociation rate constants for commonly 
used NMDAR agonists. EC50 is the concentration of agonist that pro-
duces 50% of the maximum response. The dissociation constant Ko equals 
k011/kon· and its values were obtained by using a model with two binding 
steps of agonist. (Patneau and Mayer, 1990). 
kon koff kd kr ~ a 
Benveniste and Mayer, 1991 (NMDA) 2 23 - - - -
Lester and Jahr, 1992 (glu) 5 4.7 8.4 1.8 46.5 91.6 
Lester and Jahr, 1992 (NMDA EPSC) 5 6.7 15.2 9.4 83.8 83.8 
Clements et al., 1992 5 9.5 16 13 25 59 
Clements and Westbrook, 1991 5 5 4 0.3 10 322 
Edmonds and Colquhoun, 1992 5 4.7 8.4 1.8 46.5 91.6 
Hessler et al., 1993 5 9.5 16 13 25 59 
Destexhe et al., 1994 5 12.9 8.4 6.8 46.5 73 .8 
Sobolevsky and Yelshansky, 2000 (asp) 2 25 0.82 0.93 8.45 200 
k+ k_ 
Sobolevsky and Yelshansky, 2000 > 100 (-lOOmV) > 1000 (-lOOmV) 
Ascher and Nowak, 1988 6.l · 105e-V/I? · [Mg] 5400· eV/47 
Table 3.2: Rate constants calculated or adopted by previous studies of 
NMDAR activation. kon in µM-1 s- 1, all other rate constants in s- 1. Volt-
age (V) in m V and Mg2+ concentration in M. 
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1990a). That is to say that the blocker has to unbind through the open state in order for 
the channel to close. However, Ascher and Nowak pointed out some inconsistencies 
of their single-channel recording data with an open channel block model. More recent 
studies favour a trapping block mechanism (Benveniste and Mayer, 1995; Sobolevsky 
and Yelshansky, -2000), where the channel can have identical transitions between states 
both when its free and Mg2+ -blocked. In this section three models have been put to-
gether with these existing observations of NMDAR kinetics: an open channel block 
(OCB) mechanism, an OCB mechanism with two blocked states (OCB-2B), and a trap-
ping block (TB) scheme. These schemes will be used to analyse the voltage-dependent 
kinetics of the NMDAR in subsequent chapters. 
The OCB kinetic model (see Fig. 3.1A), represents a combination of the activation 
kinetics of the Mg2+ free channel studied by Lester and Jahr (1992), and the kinetics 
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of Mg2+ block described by Ascher and Nowak (1988). The OCB-2B (see Fig. 3.IB) 
scheme represents the model proposed by Jahr and Stevens (1990a) where the receptor 
can have both a blocked state ( 0 AAB) and a closed state without bound Mg2+ ( CAA,v) 
both of which are entered and exited with voltage-dependent rate constants. This model 
was originally tested for single channel data, by analysing open channel events, and it 
does not contain transitions to return to the open state from the closed state. Therefore, 
this model does not follow the law of microscopic reversibility as these transitions 
are not thermodynamically sound. The analysis of this model is therefore taken as a 
control and predictions are interpreted in terms of their qualitative characteristics. In 
order to allow the return of the closed state to the open state, the closing and opening 
rate constants a and J3 from Lester and Jahr (1992) were included in this model, leaving 
out the rate constant A (closing rate constant) originally proposed by Jahr and Stevens 
(1990a). Furthermore, the OCB-2B model was linked to the activation kinetics from 
Lester and Jahr (1992) to allow its analysis in nonstationary agonist concentrations. 
The third model: trapping block (TB) (see Fig. 3. IC), proposed by Sobolevsky and 
Yelshansky (2000), allows for equal gating transitions of the channel with and without 
bound Mg2+. Because the TB model was originally tested at a constant voltage of 
-100 m V (Sobolevsky and Yelshansky, 2000) in the present study the Mg2+ - binding 
rate constants k+ and k_ described by Ascher and Nowak (1988) were implemented 
to allow testing for voltage-dependence. The activation kinetics from Lester and Jahr 
(1992) -similar to those used by Sobolevsky and Yelshansky (2000), see Table 3.2.1-
were used for the binding/unbinding of agonist, to allow comparison between the three 
models. 
Following the method described in section 3.1 the transition rate matrices were 
constructed for: the OCB model with 6 states (see Eq. 3.5), OCB-2 with 7 states (see 
Eq. 3.6) and the TB model with 10 states (see Eq. 3.7). 
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A.OCB 
2k0 n[A] kon[A] p k+[Mf](Y) C --...::... CA ~ c · --...::... 0* --...::... OAAB ~  ~koff 2koff AA AA k_(V) a 
krt kd 
DAA 
B. OCB-2B 
DAA CAAV ;;(V)tb,(V) 
2k01JA] k0 n[A] 
kdt kr 
C __:,,. CA ~ CAA __:,,. 0* ~  ~ AA 
koff 2koff a 
~(v1la2[Mf](VJ 
2 
OAAB 
C.TB 
DAA 
2k011 [A] k011 [A] 
kdl kr 
p 
C __:,,. CA ~ CAA __:,,. O* ~  ~ AA 
koff 2koff a 
k_(Y) t k+[Mt](Y) 
2k011 [A] kon[A] p 
Cs __:,,. CAB ~ CAAB __:,,. OAAB ~ ~k ff 2koff 
krl kd 
a . 0 
DAAB 
Figure 3.1: Kinetic models of NMDAR activation A. Open channel block 
model combining the NMDAR activation kinetics from Lester and Jahr 
(1992) and the Mg2+ -binding/unbinding kinetics from Ascher and Nowak 
(1988). B. Jahr and Stevens (1990a) model combined with opening/closing 
kinetics, and a desensitised state from Lester and Jahr ( 1992) C. Sobolevsky 
and Yelshansky model (2000) of Mg2+ trapping block, with k+ and k_ from 
Ascher and Nowak (1988). 
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A. Open channel block ,~ 
~ 
Cl) g. 
3 [l]C [2]CA [3]CAA [4]0AA [5]0AA [6]DAAB C I g. 
<ii" 
-2k0 n[AJ 2kon[AJ 0 0 0 0 o' ~ 
koff -(kott+kon[AJ) k0 ,,[A] 0 0 0 s: Cl) 
Q= I 0 2koff -(2kott+P+kd) p 0 kd ~ (3.5) 0 0 a 
-(a+k+) k+ 0 ~ 0 0 0 k_ -k_ 0 lJ 
0 0 k, 0 0 - k, 
B. Open channel block with two blocked states 
[l]C [2]CA [3]CAA [4]0AA [5]CAA ,V [6J0AAB [7]DAA 
-2k0n[A] 2kon[AJ 0 0 0 0 0 
koff -(koff + ko11[AJ) kon[A] . 0 0 0 0 
0 2koff -(2kott + P+kd) p 0 0 kd 
Q=I 0 0 a 
-(a+a i +a2) a1 a2 0 I (3.6) 
0 0 Bi b1 -(Bi +b1) 0 0 
0 0 B2 b2 0 
-(B2 +b2) 0 
0 0 k, 0 0 0 -k, 
- I 
.i:,. 
.j::,. 
C. Trapping block 
[l]C [2]CA [3]CAA [4]DAA [5]0AA 
-2kon[A] 2kon[A] 0 0 0 
koff -(koff + kon[A]) k0 n[A] 0 0 
0 2koff -(2kott+~+kd) kd ~ 
0 0 k, -k, 0 
Q=I 0 0 a 0 -(a+k+) 
0 0 0 k_ 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
[6]0AAB [1]CAAB [8JDAAB 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
k+ 0 0 
-(L+a) a 0 
~ -(~ + kd + 2koff) kd 
0 k, -k, 
0 kon[A] 0 
0 0 0 
[9]CAB [lO]CB 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
2koff 0 
0 0 
-(k011 [A] + koff) koff 
2k011 [A] -2k011 [A] 
I (3.7) 
I~ 
~ (I) 
~ 
:3 
0 
~ 
Vi I & 
.., 
s: (I) 
~ ~ 
lJ 
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kon 5 
koff (NMDA) 82 
koff (Glu) 5.5 
koff (Asp) 37.5 
kon 2 
koff (NMDA) 32.8 
kd (High [Agonist]) 8.4 
kd (Low [Agonist]) 1 
kr 1.8 
~ 46.5 
a 91.6 
k+ 6.1 · l02e-V / 17 • [Mg] 0 
k_ 5400· eV/47 
Table 3.3: Rate constants values used for OCB, OCB-2B and TB mod-
els. Agonist dependent k0 n and koff values based on reported values for Kv 
by Patneau and Mayer, 1990, see Table 3.1. See Section 3.2.1 for choice 
of kon values. Mg2+ -binding and unbinding rate constants k+ and k_ from 
Ascher and Nowak (1998b), with V in mV and [Mg]0 in mM. a, f3 from 
Lester and Jahr ( 1992). Desensitisation rate constant kd was larger for simu-
lations with high agonist concentration (200 µM glu, 500 µM NMDA) than 
for those with low concentrations (5-10 µM glu, 25-30 µM NMDA). For 
experimental currents k, and kd were fitted according to current decay at a 
constant voltage for each nucleated patch. In general, allowing kd only as a 
free parameter produced satisfactory fits. kon in µM- 1 s-1, k+ in M-1 s- 1, 
all other rate constants in s- 1• See below for rate constants which define 
the voltage dependent states in the OCB-2B model. 
B1 500 
B2 45 
a1 lOOO·e- · 
a2 10 · [Mg]0 • e-
b1 lOOO·e · 
b2 lOOO·e · 
Table 3.4: Rate constants for the blocked states in the OCB-2B model. 
V in mV and [Mg]0 in mM, a2 in mM-1 s- 1 all the other rate constants in 
s- 1• Activation, desensitisation and opening-closing rate constants in Table 
3.3. Kinetic model in Fig 3. lB 
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Chapter 4 
Voltage-step responses during stationary 
NMDAR activation 
Most previous experimental studies have looked at the responses of NMDARs in sta-
tionary voltage conditions or in the absence of external Mg2+ (Mayer and Westbrook, 
1987; Lester et al., 1990; Gibb and Colquhoun, 1992) to best expose their gating kinet-
ics. Furthermore, those studies using physiological Mg2+ concentrations have focussed 
on events occurring on the timescale of NMDAR current decay - hundreds of millisec-
onds (Sobolevsky and Yelshansky, 2000; Benveniste and Mayer, 1995; Spruston et al., 
1995). 
This Chapter centres on the study of responses of NMDAR current to voltage steps 
applied during stationary application of low agonist concentrations. This experimental 
condition simplifies the analysis of voltage steps by eliminating changes in the baseline 
current due to activation/deactivation and desensitisation which have reached equilib-
rium. However, this condition may not be so unphysiological; because of the high affin-
ity of the NMDA receptor for glutamate (KD = 1.1 µM, Patneau and Mayer, 1990) it is 
likely that individual receptors remain active by ambient glutamate levels for long peri-
ods during ongoing activity (Sah et al., 1989). Firstly, stationary currents and current-
voltage relationships will be described. Secondly, the timing of current responses to 
depolarising voltage steps and the properties of block and unblock will be analysed in 
the presence and absence of Mg2+. Additionally, predictions from existing NMDAR 
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kinetic models (see Section 3) for this stimulus will be examined. Finally, the results 
will be compared with the few previous studies which have addressed the question of 
time-dependence of NMDAR unblock. 
4.1 Stationary NMDA current and equilibrium voltage de-
pendence 
NMDAR currents were studied in nucleated patches, or whole cells in slices of young 
rat cortex. NMDA or glutamate/CNQX were locally applied by computer controlled-
pressure ejection or using fast perfusion (see Fig. 2.2, and Methods). Low concentra-
tion of agonist (20-25 µM NMDA or 3 µM glutamate), and a saturating concentration 
of glycine (10 µM) elicited a NMDAR current which was stationary for several hun-
dred milliseconds at a constant membrane potential, indicating that the receptors were 
at equilibrium over this period (see Fig. 4.1). In these conditions desensitisation during 
each record was minimal, as reported by Nahum-Levy et al. (2001) for similar glycine 
and agonist concentration. In some recordings, no sign of desensitisation was evident 
over the whole period while a nucleated patch was recorded, while in others, desensi-
tisation was detectable but small. Some voltage step recordings were carried out using 
slightly larger concentrations of agonist (30-60µM NMDA, 5-30µM glutamate), and 
more desensitisation and rundown was observed throughout the experiment, although 
in some cases it became evident only after 10 to 20 min recording. 
During stationary NMDAR activation, the equilibrium current-voltage relationship 
of these receptors was tested with a slow ramp of increasing voltage - from -70 to 
40mV. The NMDAR current-voltage curve showed its typical nonlinear J-shape with 
reversal potentials around -3 mV, and maximum inward current at around-30mV (Fig. 
4.2). The voltage-dependence was fitted in accordance with a Boltzmann-type distri-
bution of Mg2+ in the electrical field (Woodhull, 1973; Wollmuth et al., 1998) to the 
current observed during ramps of voltage, as follows: 
B(V) = l 
1 +exp(- (V- Vo.s)zoF /RT) (4.1) 
This analysis showed a voltage for half maximal block (Vo.s) of -13 m V ±2.45, and 
a fraction of membrane potential sensed by the blocking site (o) of 0.96±0.01 (n=5 
nucleated patches) (Fig. 4.2). 
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Figure 4.1 : Responses to agonist applied to a nucleated patch by a 
computer-controlled pressure ejector. Application of agonist (in this case 
5 µM glutamate) elicited a current, which became stationary after a few 
hundred milliseconds and remained constant for about a second. Timing is 
indicated by the upper trace. Dotted lines show the timing adopted later for 
the voltage steps. Holding potential as indicated. Superimposed traces of 
multiple (7-10) responses. Black traces: with agonist; gray traces: without 
agonist. 
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4.2.1 Isolating the NMDAR response 
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Depolarising voltage steps were used as a first approach to assess the time dependence 
of NMDAR current unblock (see diagrammatic explanation Fig. 4.3). Since a station-
ary NMDA receptor current was obtained during application of low agonist concentra-
tions at a constant membrane potential, the current obtained during a voltage step in 
these conditions should reflect predominantly the relaxation in response to the voltage 
change, and not ~nrelated changes in availability of receptors or transmitter. However, 
it is expected that capacitative and resistive currents, and changes in voltage dependent 
conductances will accompany the observed response. Therefore, as detailed in sec-
tion 2.2.6, NMDAR current responses to voltage steps were' corrected by subtraction of 
control responses in the absence of agonist. Typical control/agonist and leak corrected 
responses are shown in Fig. 4.4. All recordings presented in this Chapter were obtained 
using Cs-EGTA intracellular solution (see Table 2.2), except for Figs. 4.9 and 4.12 as 
stated. 
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Figure 4.2: Voltage dependence of stationary NMDAR current A. 
NMDAR current evoked by superfusion of a nucleated patch with 25 µM 
NMDA, plotted as a function of membrane potential during a 3 s ramp 
command potential. Negative potentials show the nonlinear range of con-
ductance, associated with Mg2+ unblock. B. The fraction of the maxi-
mal slope conductance at highly depolarised potentials is plotted as a func-
tion of membrane potential (omitting data near the reversal potential to ex-
clude large fluctuations), fitted to a Boltzmann distribution. (V0 _5 = -15 mV, 
o = 0.97 (see equation 4.1), Erev =-5 mV). 
4.2.2 Whole cell recordings 
Description of current responses 
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Initially NMDAR responses were investigated in whole cell recordings. NMDAR re-
sponses to square voltage stimulus (-70 to +40 m V) showed a clear asymmetry, with 
much faster block than unblock (n = 12, see Fig. 4.5). Unblock could be fitted by 
the sum of two exponential functions. The fast exponential function was constrained to 
have a time constant of 1 ms, since the first 2 to 3 ms of the leak-subtracted current were 
obscured by uncancelled capacitance transients, and this part of the response was not 
included in the exponential fitting routine. The slow time constant of unblock was fitted 
with values between 40 and 180 ms, which accounted for 20 to 30% of the current, as 
the remaining 80 to 70% corresponded to the fast component described above. 
Block kinetics after repolarisations ( +40 to -70 m V) showed an evidently much 
faster response than unblock. However, block occurred in a faster timescale ( <2 ms) 
than could be resolved owing to the uncancelled capacitance transients, therefore, an 
accurate fit of time constants for this part of the response could not be obtained. 
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-50 
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Figure 4.3: Diagram illustrating possible time dependence of the 
NMDAR current-voltage relationship. The typical nonlinear I-V rela-
tion of NMDA receptors has always been assumed to be instantaneous. 
Experiments in this Chapter were designed to test whether there are time 
dependent relaxations in the current axis following instantaneous steps in 
the voltage axis. 
Possible sources of error 
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It is very important to consider how much the potential at the membrane deviates from 
the desired potential as commanded in the applied voltage step. Significant deviation 
represents poor space clamp. That is to say, owing to significant intracellular resistance 
and leak of current across the membrane, particularly because of unfavorable mem-
brane topology such as dendrites, not all membrane areas can be held at the same po-
tential. Consequently, it is certain that using the whole cell configuration, space clamp 
control was not complete. Furthermore, Ca2+ buffering from the pipette solution was 
probably not as efficient in small and distant ramifications such as dendrites, and it is 
possible that some interference of Ca2+ -activated K+ or non-specific cation currents 
occurred in the whole cell recordings despite the intracellular cs+. 
However, the asymmetry of on and off relaxations in the voltage step responses, 
with an extremely fast block phase, indicated that the much.slower phase after depolar-
isation reflects mainly NMDAR current activation. 
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Figure 4.4: Leak and capacitative current subtraction of NMDAR volt-
age dependent responses Induced currents with depolarising voltage steps 
from rest. Individual current responses (7 to 10 records) are shown super-
imposed with (black) and without (gray) agonist. Averaging and subtract-
ing control from total current isolates the NMDAR current (bottom panel). 
A. Whole cell recordings using 25 µM NMDA and series resistance correc-
tion. Voltage steps from -70 to 30 m V. B. Leak subtraction in a nucleated 
patch during computer-controlled pressure ejection of 25 µM NMDA dur-
ing voltage steps from -70 to 40 m V (top). NMDA responses were recorded 
continuously followed by recording of control responses. C. Fast perfusion 
of 60 µM NMDA to a nucleated patch. Voltage-steps from -70 to 40 m V. 
Control and agonist currents were interleaved. 
4.2.3 Nucleated patch recordings 
Considerations about space clamp conditions 
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In order to resolve better the fast components of block and unblock of NMDAR re-
sponses to voltage steps, a different patch clamp configuration was employed: the 
nucleated patch (Sather et al., 1992). These are modified outside-out patches which 
enclose the nucleus of the cell and have a relatively large number of receptors, making 
it possible to obtain a good signal to noise ratio of channel activity with a low number 
of averaged recordings. Sather et al. (1992) suggest that the nucleus provides struc-
tural support which allows nucleated patches to last for longer periods of time than 
conventional outside-out patches. 
Good space clamp conditions can be achieved in nucleated patches owing to their 
spherical geometry. Several facts indicated the quality of leak subtraction. Firstly, as 
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Figure 4.5: Families of NMDAR responses to voltage jumps in whole-
cell recordings. Leak corrected and averaged currents. A. Currents during 
voltage steps from -70 m V to voltages indicated. B. Expanded view of 
the current at the times of onset and offset of the voltage step. Note the 
incompletely cancelled capacitance transients 
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detailed above for whole cell recordings, the much faster block than unblock phase 
strongly suggests that the slow relaxation observed after depolarisation is indeed an 
NMDAR response and not due to cable filtering which would give rise to symmetrical 
on and off transients. Secondly, subtraction of interleaved currents obtained with test 
pulses showed that a complete cancellation of leak and capacitative current could be 
achieved (see Fig. 4.4C). Finally, a near-square response (10-90% <lms) to a square 
voltage pulse was also observed at potentials where unblock occurred very rapidly, as 
will be detailed below, a further indication that the voltage step was applied rapidly and 
constantly to the membrane. 
Given these advantages for recording voltage activated NMDAR currents, and the 
excellent time resolution achieved in leak subtracted currents, most experiments were 
carried out in nucleated patches, and all the following results presented were obtained 
using this recording configuration. 
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Figure 4.6: Families of NMDAR responses to voltage jumps in nucle-
ated patches. Leak corrected and averaged currents. A. Nucleated patch 
responses. Currents during voltage steps from -70 m V to voltages indi-
cated. A. Outward responses, B. Inward responses. Right panels show an 
expanded view of the current at the times of onset and offset of the voltage 
step. 
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Delayed unblock 
54 
As observed in whole cell recordings, unblock kinetics in nucleated patches showed a 
much slower unblock than block in all steps from -70 m V to more depolarised potentials 
(see Fig. 4.6). During the unblock phase, both in the presence of NMDA or glutamate 
as agonists (see Fig 2.1), two components could be resolved (n>50 nucleated patches): 
one very fast ( < < 1 ms) and a slower component with time constants from 5 ms up to 
30 ms (Fig. 4. 7), which accounted for 20 to 70% of the current. 
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Figure 4. 7: Exponential fit to unblock of NMDA currents from rest. 
Currents elicited in nucleated patch after a depolarising step from -70 m V 
to the potentials indicated in each panel during stationary activation with 
25 µM NMDA. Double exponential fits with fast ('t1) and slow ('t2) time 
constants and the fraction of current accounted for by each component 
shown in parentheses. 
A B 60 
120 
50 
,. ,. 
---
,-.. 80 
f f 
00 40 < s 8 
'-' CL) 
N30 "a i• 1 
.€ 40 P · j 
-f 0.. 20 f ~ 0 
10 + + • 
• 
-40 
-40 -20 0 20 40 -40 -20 0 20 40 
Voltage(m V) Voltage(m V) 
Figure 4.8: Voltage vs. slow time constants of unblock. A. Symbols 
represent the mean ± SD of the slow time constant of unblock 't2 fitted 
for voltage steps from -70 m V to the voltages indicated. The amplitude 
component of 't2, (A2, see Eq. 4.2) accounted for 21-72% of the amplitude 
response for these fits. The value of 't2 was highly sensitive to the signal to 
noise ratio of the current, and its values are best estimated at +20, +30 and 
+40mV. B. Average amplitude of currents whose 't2 is shown in A. 
55 
I I 
I 
I 
'I 
I 
I 
4.3 Properties of NMDAR unblock kinetics 56 
4.3.1 Fast and slow fractions of unblock: voltage dependence of their 
contributions 
The two-component NMDAR current unblock-phase could be fitted by a sum of two 
exponential functions with fast and slow time constants as follows: 
(4.2) 
where A 1 + A2 = 1 and ls is the stationary current level, and where the starting current 
level is zero (see Fig. 4.9). Although this ignores a small presumed instantaneous step 
due to the changed driving force, prior to any relaxation, there was no indication of any 
such step in unfiltered or filtered (lkH, Gaussian filter) recordings. For voltage pulses 
from -70 to +40 mV (n=5, nucleated patches), the following values were obtained: 'tt = 
0.68±0.21 ms, 't2 = 27.7 ±6ms,A1 = 0.53 ±0.06 andA2 = 0.47 ±0.06. Thus, for this 
voltage step, each component accounts for approximately half of the current. However, 
these fractions showed some dependence on the test voltage (see Fig. 4.9), with a 
linear decline in Al and a corresponding rise in A2 with increasing depolarisation. For 
K-based solution the linear fit was A 1 (V)=0.49-0.0043V, r2 = 0.93, p < 0.001, and for 
Cs-based solution A I (V)=0.51-0.0028V, r2 = 0. 79, p < 0.003, see eq. 4.2. 
The time constant of the slow fraction 't2 showed considerable variation. This may 
be due to the noise and also to the possible presence of several exponential components 
which are hard to distinguish by eye. (In Chapter 6, the reasons to expect several 
time constants will be presented). This would be expected to increase the chance of 
convergence of the fitting routine to a false (local) minimum of the squared deviation 
(see 'tz values for voltages -30, -20, and + 10 in Fig. 4.8), particularly with smaller 
currents. 
However, the level of noise did not empirically allow reliable fitting of more than 
one slow time constant. A slight trend towards longer time constants with depolar-
isation was apparent in some patches, and this trend is clearer for positive voltages 
(+20,+30,+40) where it was possible to record larger currents (see Fig. 4.8 and Fig. 
4.6). However, the analysis of 't2 voltage dependence has to take into account its am-
plitude contribution (A2) to the overall current. For the results shown in Fig. 4.8A, A2 
had values between 0.21 and 0. 72, therefore showing high variability, particularly at for 
smaller currents. For example the fit for two voltage steps from -70 to -30 't2 recorded 
in different nucleated patches had values of 53 and 8 ms, and A2 was 0.21 and 0.60 
respectively. 
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Figure 4.9: Voltage dependence of the fraction of fast unblocking cur-
rent (A 1, see eq. 4.2). The continuous line shows the stationary voltage 
dependence (response to a slow 3 s ramp of voltage). The symbols are re-
sponses to voltage steps and show the average and SD of the amplitude 
of the fast unblocking current measured at the comer between fast and 
slow components and the current reached after 500 ms (stationary current). 
Leak-corrected average currents are from the same nucleated patch, record-
ing with Cs-based solution. C. Linear fit of the voltage dependence of the 
fast-unblocking fraction of current. 
4.3.2 Fast unblock in the absence of extracellular Mg2+ 
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In order to test whether the slow component of current was related to the presence 
of Mg2+, recordings from nucleated patches were carried out in 1 mM Mg2+ and in 
nominally Mg2+ -free solution, and responses to voltage steps from -70 to +40 m V were 
compared. 
In 1 mM Mg2+ as described previously, unblock had a fast and a slow phase to reach 
equilibrium. Only ,...., 50% of NMDAR current was relieved by a 5 ms depolarising steps 
in 1 mM Mg (Fig. 4.1 OA). Furthermore, a short depolarisation pulse 50 ms after either 
sustained or intermitent depolarisation, also uncovered only about half of the current, 
indicating that sustained depolarisation did not have a long lasting effect on the kinetics 
of unblock. 
In contrast, in external solution with no added Mg2+, NMDAR current unblock was 
very fast (n = 4), becoming stationary within a few milliseconds, producing a nearly 
symmetric square response to the voltage step (Fig. 4.10). More than 90% of the 
stationary current level was uncovered during depolarisations lasting only 5 ms (Fig. 
4.lOB). The slow phase of current activation is therefore ascribed to Mg2+ unblock of 
theNMDAR. 
4.3 Properties of NMDAR unblock kinetics 
A 
20pAI 
0-
B 
50pAI 
0-
No added Mg 
lOOms 
Figure 4.10: Comparison between responses in the presence and ab-
sence of Mg2+. Short depolarisations (5 ms, black trace) only partially 
relieve block ( rv50%) compared to the response to a long depolarisation 
(500 ms, gray trace). The maintained depolarisation has no effect on the 
amplitude of a subsequent short response. In nominally zero [Mg2+ ]o, the 
same nucleated patch as in B shows a fast symmetric block and unblock in 
response to a 500 ms voltage step, and 5 ms depolarisations recover more 
than 90 % of the stationary current. 
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Tail currents were observed following repolarisation. The tail current in 1 mM 
Mg2+ was extremely fast, while that in nominally Mg2+ -free solution showed a much 
slower relaxation. It is possible that trace Mg2+ levels in Mg2+ -"free" solution caused 
block of a small fraction of the current, with a slow block reflecting the slow rate for 
binding of Mg2+ at a very low concentration. 
4.3.3 Fast unblock from O mV 
To test the range of voltage with which the slow component of unblock is associated, 
NMDAR currents were recorded during voltage steps from O m V to +40 m V. In these 
circumstances, more than 90% of stationary current was recovered in less than a mil-
4.4 Block after repolarisation 59 
lisecond indicating that a large proportion of channels were already unblocked at this 
potential, and the fast rise in outward current basically obeyed restoration of the driv-
ing force (Fig. 4.11 ). The slow component of unblock was only observed for steps at 
hyperpolarised potentials; and it is therefore associated, with the range of membrane 
potentials over which Mg2+ is more pronounced (see Fig. 4.2) 
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Figu.-e 4.11: Fast unblock from OmV. Voltage steps to +40mV starting 
from -70 and O m V elicit currents with different kinetics in the presence 
of lmM Mg2+. A. Superimposed responses stepping from -70mV (gray), 
and from OmV (black). B. Expanded time scale from traces in A. Ampli-
tude is normalised to the maximum (steady state) level reached. A large 
slow component is observed when stepping from -70 m V, while responses 
to steps from O m V are dominated by a fast component. 
4.4 Block after repolarisation 
With repolarisation to -70 m V, complete reblock occurred very rapidly (Fig. 4.12). 
After a few hundred microseconds, the conductance was close to zero. As mentioned 
above, in most nucleated patch recordings clear fast tail currents were observed at the 
end of depolarising pulses. Distortion of the signal observed immediately after repo-
larisation was probably due to imperfect leak subtraction of capacitance transients, and 
exponential fits excluded this period of distortion. No digital filter was applied when 
analysing block kinetics, and the time course of conductance change (Erev = -5 m V) 
during block was only a little slower (t = 120 - 150µs) than the step response of the 
combination of analogue filter and recording system (indicated by dotted curve. See 
section 2.2.1: Measuring the step response of the recording system). 
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Figure 4.12: Block after repolarisation to -70 m V from different poten-
tials. Rapid block of NMDAR at the end of a depolarising step. NMDAR 
conductance in a nucleated patch (K-based solution) during voltage steps as 
indicated at the top, from the voltages shown to -70 m V. Exponential fits to 
the decays with time constants between 120 and 150 µs. Current is replotted 
as chord conductance, for a reversal potential of -5 m V, to facilitate com-
parison of inward and outward responses. No digital filter applied. Dotted 
curve: scaled step response of analog filter/recording system combination. 
4.5 Previous NMDA kinetic models predict effectively instan-
taneous unblock with depolarisation 
In order to understand if kinetic mechanisms previously proposed for the NMDAR 
can explain the observed unblock and block responses, the predicted time course of 
relaxation towards equilibrium following a depolarising voltage step was calculated for 
existing models of NMDAR activation: the OCB model, the OCB-2B model and the 
TB model (see Section 3.2 for kinetic schemes and background). 
The time course of probability of occupation of the open state during depolarising 
steps was calculated, as described in Section 3.1 (also see Appendix A). Fig. 4.13 
shows results for t~e three models studied using a constant low concentration of agonist 
- 3 µM glutamate (red lines) or 25 µM NMDA (black lines) - and a kd = 1 s-1, during 
a depolarising step from -70 m V to +40 m V. Results for glutamate and NMDA were 
very similar. 
The unblock of channels after depolarisation occurred very rapidly in all cases. In 
the OCB and TB models unblock was complete in less than 100 µs. For the OCB-2B 
model unblock time course was slightly longer, but it still occurred within "'500 µs. 
The block after repolarisation occurred within a similar timescale ( < 100 µs) for the 
three models (Fig. 4.13, B, D & F). 
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A.OCB model 
C CA CAA O* OAAB DAA 
-70mV 2.23 6.80 5.18 2.61 80.29 2.88 
+40mV 11.31 34.49 26.29 13.23 0.06 14.61 
B. OCB-2B model 
C CA CAA O* OAAB CAA ,V DAA 
-70mV 10.08 30.74 23.43 0.84 0.06 21.83 13.02 
+40mV 11.32 34.51 26.31 12.79 0.07 0.38 14.61 
C. TB model 
C CA C AA D AA O* O AAB CAAB DAAB CAB CB 
-70mV 0.36 1.09 0.83 0.46 0.42 12.82 25.48 14.15 33.43 10.96 
+40mV 11.27 34.36 26.19 14.55 13.18 0.06 0.12 0.06 0.15 
Table 4.1: Equilibrium occupancies at -70 and +40 m V for the OCB, 
OCB-2B, and TB kinetic models. See Fig. 3.1 for kinetic models. Prob-
abilities calculated using a 25 µM NMDA concentration, kd = 1, kon = 2, 
koff = 32.8 
The time courses of relaxation of open channel probability after depolarisation dif-
fered between models, but reached almost the same stationary value (rv0.13). As seen 
in Fig. 4.13A, the OCB and OCB-2B models showed a transient of high probability 
(for NMDA: rv0.8 for OCB and rv0.21 for OCB-2B) which decayed to the steady state. 
In contrast, the TB model (Fig. 4.13C) showed a monotonic rise in probability. Thus, 
the maximum probability reached after the voltage step differs greatly between these 
mechanisms, although the same rate constants for corresponding transitions were used 
for all models. The much higher rise in probability in the OCB model after depolari-
sation is expected, as the only route for leaving the blocked state is through the open 
state. Channels can bind agonist at any membrane potential, but in order to unbind it is 
necessary for Mg2+ block to be reduced through depolarisation. 
Table 4.1 A shows the equilibrium occupancies at -70 m V for the OCB model (in 
percentage values), which placed 80.29% of the channels in the open blocked state, 
and only 2.61 % in the open state. The relaxation observed with the depolarising voltage 
step mainly reflects the immediate unblock of most of the blocked channels, which then 
comparatively slowly enter the desensitized state, close, and unbind agonist. 
For the OCB-2B model, 21.83% channels occupy the OAAB blocked state with rate 
constants dependent on voltage and Mg2+, and more channels occupy the closed states 
in comparison to the OCB mechanism. This is because there are alternative voltage-
independent routes for leaving the CAA,v and O AAB states and returning to the closed 
0.05 
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Figure 4.13: Kinetics of unblock of NMDA channels predicted from 
three models for channel activation. Predicted relaxation of NMDA-
induced currents during a voltage step from -70 to +40 m V with timing 
indicated by the top trace. A & B show responses for the OCB mecha-
nism., C & D for the OCB-2B kinetics and E & F for the TB mechanism. 
B, D and F panels show unblock and block of A, C and E at an expanded 
timescale. Red lines represent response to 3 µM glutamate, and black lines 
to 25 µM NMDA. [Mg2+]0 = 1 mM. Voltage steps were applied after allow-
ing 800 ms equilibration with agonist. kd = 1 s- 1, kon was 5 and 2 µM- 1 s- 1 
for glutamate and NMDA respectively. See Methods for details of other rate 
constants used, and Table 4.5 for equilibrium distributions. 
state. Depolarisation to +40 m V relieves block rapidly and the open channel probability 
equilibrates slowly in an analogous way to the OCB model, with 12.79% of channels 
occupying the open state at this potential. 
In contrast, in the TB model (table 4.5B) only 12.82% of the channels were in 
the open-blocked state at equilibrium at -70 m V. Most of the channels occupied the 
remaining blocked states (84.02% ). The voltage step causes a rapid transition of the 
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open-blocked channels to the open state, towards a stationary probability with 13.18% 
of the channels in the open state at 40 m V. 
Thus, existing models predict quite different kinetics for a depolarising voltage step, 
and different patterns of equilibrium state occupancies (see Table 4.5). However, they 
all show very rapid, effectively instantaneous ( < 1 ms), unblock and block. The exper-
imentally observed current responses to voltage steps markedly differ from the predic-
tions of these kinetic models, in showing a substantial slow fraction of unblock taking 
many milliseconds. 
4.6 Discussion 
Some studies have already addressed the question of how fast NMDARs unblock af-
ter depolarisation. Mayer and Westbrook (1984) applied voltage steps using dual sharp 
electrode voltage-clamp in spinal cord neurons, in the presence of 1 mM [Mg2+]0 • They 
observed a symmetrical onset and offset of responses with time constants of 3 ms. Their 
results are similar to those shown in Fig. 4.5 for steps to -20 m V. As in our whole cell 
recordings, it is probable that the technique used did not allow resolution of the fast 
component of unblock, or cancel completely the capacitance artifacts by leak subtrac-
tion. 
In a later study, D' Angelo et al (1994 ), applied voltage steps from O m V to 40 m V 
in cerebellar granule cells and obtained a very fast block and unblock, similar to our 
experimental results in Fig. 4.11. In this condition, receptors appear to be substantially 
unblocked at O m V; the fast activation of current reflects primarily the introduction of 
the driving force. 
The most relevant findings previous to this thesis are those of Spruston et al. (1995), 
who applied voltage jumps after brief pulses of glutamate to dendritic patches of hip-
pocampal pyramidal neurons, in a physiological concentration of Mg2+. Their records 
(in their Fig. 13) clearly show a slow phase of unblock. Its extent and time course is 
only apparent in the example shown of a long depolarisation,(50ms) to +40 mV; at the 
time scale used for their plots, it is much less obvious for their brief (5 ms) pulses. It is 
also notable, although they do not comment on it, that their Fig. 13C shows that brief 
5 ms pulses recover only about half of the current obtained for continuous depolarisa-
tion, analogous to Fig. 4.1 OA. 
The results presented in this chapter go beyond those of Spruston et al. in sev-
eral respects. The slow unblocking effect was studied at a faster time scale and the 
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contributions and time courses of fast and slow components at different voltages were 
quantified. It was demonstrated that both components depend on the presence of Mg2+ 
(Fig. 4.10) and that the .slow unblock occurs in the range of potential over which the 
steady-state Mg2+ block/unblock is steeply voltage-dependent, i.e. about -60 m V to 
+20 mV. 
Additionally, it was shown that existing models of NMDAR activation, based on 
either an open channel block or a trapping block, cannot account for the slow com-
ponent of unblock observed experimentally. To extend these findings further, it was 
necessary next to study unblock behaviour following pulsatile perfusion with agonist 
approximating physiological activation of NMDARs at the glutamatergic synapse. The 
voltage dependence of the decay of NMDAR currents was also analysed. This work is 
described in the next Chapter. 
I I 
Chapter 5 
Voltage dependence of the deactivation 
and desensitisation of NMDAR responses 
In the previous Chapter, the experimental evidence was presented for a delayed com-
ponent of NMDAR Mg2+ -unblock after depolarisation and a very fast block after re-
polarisation. These experiments were carried out under constant perfusion of nucleated 
patches with low concentrations of agonist. The present Chapter, in contrast, will ad-
dress NMDAR behaviour after short pulses of agonist; a condition which is closer to 
their synaptic activation. Additionally, results for extended exposure to high concentra-
tions of agonist, resulting in desensitisation, will be presented. 
Among NMDAR's unique properties, their slow decay kinetics and Mg2+ depen-
dence endow them with a special computational role in synaptic function. After a 
synaptic event, glutamate concentration in the synaptic cleft is thought to rise rapidly 
to ,...., 1 mM and decay with a time constant of ,...., 1 ms (Clements et al., 1992). After 
such a transient exposure to glutamate, however, NMDARs can remain active for hun-
dreds of milliseconds (Lester et al. , 1990; Hestrin et al. , 1990b) or even many seconds 
(Spruston et al. , 1995), and this period of sustained activation is determined by their 
affinity for agonist and their slow channel kinetics (Lester et al., 1990; Hestrin et al., 
1990b ). This persistent NMDAR activity and its voltage dependence can combine in a 
powerful way to enhance synaptic action and to provide an extended time window for 
coincidence of synaptic signals. 
I I 
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An important question for understanding how NMDARs function is whether there 
is voltage dependence in the time course of current decay as well as in the amplitude of 
currents. A further question for assessing the function of NMDARs under physiological 
(i. e. nonstationary membrane potential) conditions is if the slow unblock presented 
in the previous Chapter is related to any voltage dependence of decay. Therefore, it 
is necessary to study NMDAR decay kinetics following a synaptic event, combined 
with voltage steps. Some research has already been carried out to study the voltage-
dependence of NMDAR decay kinetics. Most previous studies have concluded that 
more positive voltages lead to longer-lasting NMDAR currents (Konnerth et al., 1990; 
D' Angelo et al., 1990; Keller et al., 1991), although voltage independence has also been 
reported (Hestrin et al., 1990a). It is worth noting that small longer-lasting components 
would be expected to be more observable at positive potentials simply because of the 
increased signal:noise ratio. 
In this Chapter I will firstly investigate the predicted voltage-dependence of decay 
for three existing models of NMDAR activation. Secondly, experimental evidence will 
be described and compared to the theoretical predictions. Finally, the voltage dependent 
unblock during the decay phase of NMDAR current - once glutamate is removed from 
the extracellular solution, but is only bound to receptors, and slowly dissociating - will 
be analysed. 
5.1 Insights from kinetic mechanisms 
The expected trajectory of open channel probability during and after changes in volt-
age or agonist concentration can be calculated from a given kinetic mechanism and its 
associated rate constants, using the method described in Chapter 3, (Colquhoun and 
Hawkes, 1977, also see Appendix A). 
In this sectiori the expected voltage dependent decay of NMDAR currents will be 
described for the OCB, the OCB-2B and TB models (Fig. 3.1) -see Chapter 3 for the 
description and background of these models. 
5.1.1 Predicted voltage-dependence of decay 
The trajectory of occupation of the open state after 'exposure' to agonist for 5 ms dur-
ing a constant membrane potential was calculated. Fig. 5.1 shows results for 500 µM 
NMDA and 200 µM glutamate. The time course of decay of open channel probability 
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is related to the dissociation rate constant koff and therefore to the equilibrium disso-
ciation constant KD for the agonist (see Section 3.2.1), as detailed in Table 3.1, KD is 
higher for NMDA than for glutamate, therefore, longer lasting currents are expected 
when using the latter as an agonist. 
Open channel block models 
The timecourse of open channel probability after 5 ms exposure to NMDA or glutamate 
calculated with the OCB model is shown in Fig. 5.1. Simulated currents were obtained 
from the open channel probability and voltage assuming a reversal potential of -5 mV. 
Simulations were carried out at a constant voltage and the results for different poten-
tials were compared; the expected relative amplitude of current and the open channel 
probability normalised to the maximum amplitude are plotted in order to compare the 
timecourses. It is evident from these results that receptors will remain activated for 
longer periods of time at more hyperpolarised potentials. The same trend was observed 
both in the presence of glutamate or NMDA, although longer lasting currents were 
observed when using the glutamate dissociation rate constant. 
The kinetics of the OCB model can explain the strong voltage-dependence ob-
served. The rate constants used for this model (Fig. 3. lA) are plotted in Fig. 5.2 
in order to illustrate the way in which they govern the distribution of receptors in the 
different states. The values of k+ and k_ are strongly voltage dependent and can vary 
by several orders of magnitude over the physiological range of membrane potentials. At 
negative potentials k+ is the fastest transition rate and the kinetic balance is tipped to-
wards the blocked state. In these circumstances there is a high probability that receptors 
will accumulate into the blocked state after binding agonist. At around -30 m V when 
the values of k+ and k_ become similar, channels spend more time in the open state 
from which they can become desensitised, unbind agonist or become blocked again. 
At depolarised potentials, only a very small fraction of channels will become blocked, 
therefore the response to a short pulse of agonist is basically a mixture of opening, 
desensitisation and unbinding of agonist. 
The OCB-2B model produced a voltage-dependence of decay with a similar trend to 
the OCB model; currents at hyperpolarised potentials decay more slowly than those at 
depolarised potentials. This model has two states CAA ,V and OAAB which are entered and 
exited with voltage-dependent rate constants (see Table 3.4 and Fig. 5.3E). Also, there 
are alternative routes for leaving either of these states, and returning to the closed state 
CAA, which are defined by the voltage-independent rate constants B1 and B2 (see Table 
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Figure 5.1: Decay kinetics of open channel probability using the OCB 
model. Top traces show the 5 ms concentration jump of agonist for (a) 
and (b) as indicated. kon = 5 µM- 1 s-1 for glutamate and 2 µM- 1 s-1 for 
NMDA. A & Care the expected trajectories of current calculated with the 
open channel probability and voltage, assuming a reversal potential of -
5 m V. B & D show normalised responses to compare the time course of 
decay. Colors indicate the tested potential: from purple +40 m V, towards 
red -70 m V as shown by the legend. 
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3.4 and Fig. 5.3E). The voltage-independent rate for returning to the closed state CAA, 
is ten-fold faster from the state CAA,V than from the Mg2+-blocked state. Therefore, 
channels which enter the state CAA v can return to the closed state CAA at a fast rate , 
at any potential and are not protected from desensitisation or agonist unbinding during 
hyperpolarisation. Those channels in the Mg2+ -blocked state have a slower return to 
the closed state and need depolarisation in order to unbind agonist through the open 
state. Therefore t}!e OCB-2B model shows still some protection from agonist unbinding 
and desensitisation at hyperpolarised potentials, but this is less pronounced than for the 
OCB model. 
Trapping block 
Predicted decay kinetics for the TB model are shown in Fig. 5.4. No. voltage depen-
dence of decay is observed with this kinetic scheme using either glutamate or NMDA 
as agonist, as opposed to the strong dependence observed with the OCB model. This 
voltage independence arises from the symmetry between blocked and unblocked states, 
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Figure 5.2: NMDAR kinetic rate constants. Voltage dependence of k+ 
and k_ and comparison to voltage independent rate constants with corre-
sponding colours. The values of k+ were computed using a constant con-
centration of 1 mM Mg2+. 
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as the same probability governs the passage of channels between states independently 
of Mg2+ binding (Fig. 3. lC). Therefore, there is no accumulation of channels in the 
blocked state because channels can directly pass to the unbinding, desensitising, and 
closed states without unbinding Mg2+. 
5.1.2 Open probability change after voltage jumps 
Clear differences were observed in voltage-dependent decay between the OCB, OCB-
2B and TB model. Therefore, it is expected that the relaxation of open channel proba-
bility towards equilibrium after changes in membrane potential, at different times fol-
lowing exposure to agonist, will be very different for these models. Simulated voltage 
jump responses for the OCB, OCB-2B and TB models, after short and sustained expo-
sure to NMDA, are shown in Fig. 5.5. 
Open channel block models 
As discussed above, in the OCB mechanism the only route towards agonist unbind-
ing is through the open channel, and as a consequence of hyperpolarisation (-70 m V), 
channels accumulate in the blocked state. Open channel block constrains channels 
largely in the blocked state and protects them from desensitising and unbinding agonist 
at hyperpolarised voltages, greatly prolonging the possible response to a short pulse of 
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Figure 5.3: Deactivation kinetics using the OCB-2B model. A & C are 
the expected relaxations of current after a 5 ms concentration jump of ago-
nist as indicated by the top trace. Current decay for the OCB-2B model was 
calculated as described above for the OCB model (Fig. 5.1). B & D show 
normalised responses to compare the time course of decay. Colour indi-
cates testing potential. E. Voltage-dependent rate constants of the OCB-2B 
model, and rate constants B1 and B2 for return to the closed state (see Fig. 
3.1 ). a2 was calculated for a 1 mM concentration of Mg2+. 
transmitter (Fig. 5.5A). 
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At a depolarised potential in a steady concentration of agonist, channels can either 
desensitise or have brief excursions to the open state before ·they unbind agonist; as a 
consequence, open channel probability does not reach the same amplitude when hold-
ing steadily at a depolarised potential (red) as when depolarisation was induced at later 
times (Fig. 5.5D). In contrast, a voltage jump from -70 m V to +40 m V applied after 
conclusion of agonist exposure provokes an almost instantaneous rise in open channel 
probability. After depolarisation, once the balance has tipped towards the open state, 
the channels can either slowly enter the desensitised state or go through the agonist 
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Figure 5.4: Deactivation kinetics for the TB model. Top trace indicates 
the concentration jump of agonist. A & C show the expected current decay 
for the TB model. B & D show normalised responses to compare the time 
course of decay. Colours correspond with test potential. 
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unbinding states producing a steady decay of current (Fig. 5.5A). During sustained ex-
posure to agonist an equilibrium is attained in the proportion of channels that can reach 
the blocked state, and at later times ( rv 100 ms), a maximum peak current is expected 
upon a voltage jump (Fig. 5.50). 
The OCB-2B model shows a slight overshoot of current with depolarisations after 
short or long exposure to agonist (Fig. 5.5), and this is expected from the voltage-
dependence of decay discussed above for this model. At hyperpolarised potentials 
channels accumulate in either the CAA v or the O AAB states, but the CAA v state allows a 
' ' fast return to the closed state at any potential, therefore reducing the voltage dependence 
observed for the OCB model. 
Trapping block 
As predicted from the voltage-independent decay of the TB model, simulations show 
that after a voltage step the observed response of the TB model matches the current 
obtained at the same time during sustained depolarisation. Contrary to the OCB mech-
anism depolarisation does not unmask channels accumulated in the blocked state. This 
is expected both after short exposure to agonist (Fig. 5.5C) and during sustained pres-
ence of agonist (Fig. 5.5F). 
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Figure 5.5: NMDAR relaxations after voltage jumps.. Predictions for 
relaxation of current after voltage jumps from -70 to +40 m V during deac-
tivation and desensitisation of the NMDAR current. A, B & C show results 
for 20 ms exposure to 500µM NMDA as indicated by the top trace. D, E 
and F are results for sustained 500 µM NMDA exposure. Results for three 
kinetic models are shown. Panels A. and D. correspond to the OCB model, 
B. and E. OCB-2B model, and C. and F. show results for the TB model. 
Coloured traces show the timing of depolarisation and the corresponding 
current wavefonns show the predicted current response calculated from the 
open channel probability and voltage, assuming a reversal potential of -
5 m V. Amplitude scale bars (30 pA) indicate the current calculated using 
100 channels, each with a conductance of 50 pS. 
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5.2 Experimental evidence on the voltage-dependence of 
NMDAR current 
As described above, the TB mechanism allows a uniform decay of currents indepen-
dently of voltage, and the OCB and OCB-2B models did show voltage-dependence. 
Previous reports (Konnerth et al., 1990; D' Angelo et al., 1990; Keller et al., 1991) have 
also observed a voltage-dependence of decay for NMDARs. However, these studies 
report that depolarisation lengthens the decay of currents, and the OCB and OCB-2B 
models suggest an opposite relationship. In this section I describe experimental ev-
idence on the voltage-dependent decay of NMDAR currents in nucleated patches of 
cortical pyramidal neurons, and compare these results with previous work and with 
the predictions shown for the three studied models. For these recordings intracellular 
solutions with Ca2+ buffers (solutions Cs-EGTA and Cs-BAPTA, see Table 2.2) were 
used to prevent Ca2+ -mediated desensitisation, or any contribution of Ca2+ -activated 
K+ currents. 
5.2.1 Decay after brief perfusion with agonist 
As detailed in the Methods (Section 2.2.5: Fast perfusion), nucleated patches were 
exposed to brief pulses of NMDA or glutamate/CNQX in order to study decay kinetics. 
Agonist was perfused for 10 to 30 ms periods in order to ensure complete exposure of 
the large membrane area of the nucleated patch to the agonist-containing solution. The 
10~90% of response was achieved in <5 ms as measured by junction potential, with 
steps to agonist solution diluted in water 1 :30 in some experiments. Nucleated patches 
were clamped at a stationary potential during perfusion and current recording. The 
order of testing potentials ( -40 to 40 m V) was randomised to avoid a systematic error. 
Perfusion with NMDA or glutamate/CNQX elicited a fast rising current with the 
typical slow agonist unbinding kinetics which characterises NMDARs. The current-
voltage relationship was nonlinear with maximum inward current between -40 and -
30 m V (Fig. 5.6). 
NMDAR currents normalised to the maximum amplitude level are shown in Fig. 
5.7, comparing their voltage-dependent decay. Currents were well fitted with a single 
exponential function (Fig. 5.8A and B) with decay time constants of 18 to 36ms for 
NMDA and 50 to 100 ms for glutamate. In 5 nucleated patches using NMDA as agonist 
and Cs-BAPTA intracellular solution there was a small degree of voltage dependence 
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Figure 5.6: Currents evoked by fast perfusion of NMDA on a nucleated 
patch. 20 ms perfusion of 500 µM NMDA as indicated by the top trace 
induced fast rising and slowly decaying currents. Colors indicate the clamp 
potential as stated. Current-voltage plot of peak NMDAR currents is also 
shown. Intracellular solution: Cs-BAPTA. 
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(Fig. 5.8C), with currents at +40 m V having a time constant of decay two-fold slower 
than those at -40 m V. For Cs-based solution with no Ca2+ buffer, this trend was less 
stable, with currents decaying either faster or much slower than those for Cs-BAPTA 
recordings. 
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Figure 5.7: Voltage-dependence of decay of NMDA-induced currents. 
Currents induced by a 10 ms exposure to 500 µM NMDA (perfusion 10-
90% response of "'3 ms) Top panels show normalised currents. Bottom 
panels show normalised currents with error bars indicating ±SD of the en-
semble average. Intracellular solution: Cs-BAPTA. 
5.2.2 Desensitisation during maintained pulses of agonist 
Continuous agonist perfusion of nucleated patches elicited ·currents which reached a 
peak and then desensitised to a steady state level (see Fig. 5.9) the peak and stationary 
levels of current also showed a Boltzmann-type distribution. The desensitisation kinet-
ics observed during these recordings also appeared to show a slight voltage dependence 
of decay timecourse (Fig. 5.1 OC), although there was more variability compared to the 
short pulses of agonist. Although, the order of test potentials was randomised to avoid 
a systematic error, it is possible that these recordings had an increase in the rate of 
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(Fig. 5.8C), with currents at +40mV having a time constant of decay two-fold slower 
than those at -40 m V. For Cs-based solution with no Ca2+ buffer, this trend was less 
stable, with currents decaying either faster or much slower than those for Cs-BAPTA 
recordings. 
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Currents induced by a 10 ms exposure to 500 µM NMDA (perfusion 10-
90% response of ,..,_,3 ms) Top panels show normalised currents. Bottom 
panels show normalised currents with error bars indicating ±SD of the en-
semble average. Intracellular solution: Cs-BAPTA. 
5.2.2 Desensitisation during maintained pulses of agonist 
Continuous agonist perfusion of nucleated patches elicited currents which reached a 
peak and then desensitised to a steady state level (see Fig. 5.9) the peak and stationary 
levels of current also showed a Boltzmann-type distribution. The desensitisation kinet-
ics observed during these recordings also appeared to show a slight voltage dependence 
of decay timecourse (Fig. 5. lOC), although there was more variability compared to the 
short pulses of agonist. Although, the order of test potentials was randomised to avoid 
a systematic error, it is possible that these recordings had an increase in the rate of 
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Figure 5.8: Exponential fit to NMDAR current decay. A. Single expo-
nential fit to NMDA induced currents. B. Residual values between the ex-
periment data and the fitted curves. C. Circles represent the average (±SD) 
of single expon~ntial fits to NMDAR current decay (500 µM NMDA, 20 ms 
perfusion, n = 5 nucleated patches), recorded with Cs-BAPTA intracellular 
solution showing an increase in the decay time constant with membrane 
potential, which is more pronounced at negative potentials. 
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Figure 5.9: Desensitisation during continuous application of agonist. 
Currents normalised to maximum amplitude to allow comparison of their 
decay kinetics. Top traces are the responses to continuous perfusion of 
nucleated patch with 500 µM NMDA, and at the bottom traces show the 
standard deviation of the ensemble average. Cs-BAPTA intracellular solu-
tion. 
desensitisation kd after long exposures to a high concentration of agonist. However, 
least-squares fits for an single exponential decay showed an increasing trend in the 
time constant for more depolarised potentials (n = 4 nucleated patches). 
5.2.3 Voltage jumps during the decay phase strongly suggest a trapping 
block mechanism 
The voltage dependence described above for NMDAR currents - with no slowing of 
currents at hyperpolarised potentials - is a strong indication for an NMDAR trapping 
block mechanism. To further explore this possibility, depolarisations from - 70 m V to 
+40 m V at different time intervals after fast perfusion with NMDA, during the decay 
phase, were applied. A response of similar amplitude to that during continuous depolar-
isation to +40 m V was recovered for all delayed depolarisations (Fig. 5.11 ). However, 
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Figure 5.10: Exponential fit to NMDAR current desensitisation during 
prolonged perfusion with agonist. A. Exponential fit to currents induced 
with 500 µM NMDA. B. Residual values between the experiment data and 
the fitted curves. C. Diamonds show the average (±SD) of single exponen-
tial fits to NMDAR current decay (500 µM NMDA, 20 ms perfusion, n = 4 
nucleated patches), recorded with Cs-BAPTA or Cs-EGTA intracellular so-
lution showing a longer-lasting amplitude component for more depolarised 
potentials. 
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Figure 5.11: Voltage jumps during decay phase of NMDAR current. 
Currents obtained after 20 ms perfusion with 500µM NMDA. The top trace 
indicates the perfusion command. Coloured traces indicate the depolarisa-
tion timing and the corresponding current response. Currents elicited after 
delayed depolarisation are similar in amplitude to the current obtained dur-
ing continuous depolarisation (red trace), this strongly suggests a trapping 
block mechanism for the NMDAR. Cs-BAPTA intracellular solution. 
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contrary to the predictions of the TB mechanism (Fig. 5.5B & D) the recovered current 
after depolarisation did not match exactly the amplitude of the current obtained during 
constant depolarisation (Fig. 5.11) consistent with the experimental findings at constant 
membrane potential, where the most hyperpolarised currents also decayed faster than 
the currents at depolarised potentials. Decay kinetics with these characteristics were 
observed in 8 nucleated patches. 
5.3 Unblock kinetics during decay phase 
To extend the findings presented in the previous Chapter, unblock kinetics, were studied 
at the millisecond timescale during the decay phase of the current after fast perfusion 
of nucleated patches. Depolarisations from -70 to +40 m V lasting 5 ms uncovered only 
a fraction ( rv50%) of the current observed during constant depolarisation at +40 m V in 
the same patch (Fig. 5.12A). In contrast, depolarisations from Oto +40mV relieved 
>90% of the +40 stationary current in the same patch (Fig. 5.12B). These observations 
are analogous to the results presented in Chapter 4 during stationary NMDAR current. 
Currents in which depolarisations during the decay phase were carried out starting 
from several hyperpolarised potentials are shown in Fig. 5.12C. A slow fraction of 
unblock is present for all inward currents, as evidenced by the failure of these traces 
5.3 Unblock kinetics during decay phase 
.....r--,.__ ______ _ 
+4-0mV---,-....-~~~~~~-
-70rnV 
25ms 
Figure 5.11: Voltage jumps during decay phase of NMDAR current. 
Currents obtained after 20 ms perfusion with 500µM NMDA. The top trace 
indicates the perfusion command. Coloured traces indicate the depolarisa-
tion timing and the corresponding current response. Currents elicited after 
delayed depolarisation are similar in amplitude to the current obtained dur-
ing continuous depolarisation (red trace), this strongly suggests a trapping 
block mechanism for the NMDAR. Cs-BAPTA intracellular solution. 
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To extend the findings presented in the previous Chapter, unblock kinetics, were studied 
at the millisecond timescale during the decay phase of the current after fast perfusion 
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a fraction ( rv50%) of the current observed during constant depolarisation at +40 m V in 
the same patch (Fig. 5.12A). In contrast, depolarisations from Oto +40mV relieved 
>90% of the +40 stationary current in the same patch (Fig. 5.12B). These observations 
are analogous to the results presented in Chapter 4 during stationary NMDAR current. 
Currents in which depolarisations during the decay phase were carried out starting 
from several hyperpolarised potentials are shown in Fig. 5.12C. A slow fraction of 
unblock is present for all inward currents, as evidenced by the failure of these traces 
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Figure 5.12: Unblock kinetics during decay phase of NMDA receptor 
activation. Currents elicited with a 20 ms application of NMDA to nucle-
ated patches. A. Response during a continuous depolarisation to +40 m V 
compared to the activation during 5 ms depolarising voltage steps from -
70 m V, timed as indicated by the top trace. B. Comparison of current 
obtained during continuous depolarisation, and responses to voltage steps 
from O m V to +40 m V. C. NMDAR unblock during 3-5 ms depolarisations 
from the correspondingly-colour potentials indicated at the top to +40mV. 
Black and gray traces were obtained during continuous depolarisation be-
fore and after the voltage step responses to check for stability of response 
amplitude. Cs-BAPTA intracellular solution. 
to reach the black/gray traces - which were recorded before and after voltage step re-
sponses to test the _ steadiness of the response amplitude. A much faster unblock is 
achieved when the voltage step starts already from a depolarised potential. Currents 
also show a delayed component in their unblock from -70 m V to various other poten-
tials in the range producing inward currents (-40 to -20 m V}, as plotted in Fig. 5.13. 
The fraction of fast-unblocking current is larger at more negative potentials, as dis-
cussed in section 4.3.1. Despite the lower signal to noise ratio at these potentials, it was 
possible to resolve the delayed component of unblock, as indicated by the error bars in 
Fig. 5.l3D. 
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Figure 5.13: Unblock of inward currents during NMDAR current de-
cay. Inward currents obtained during continuous depolarisations compared 
to currents observed during 5 ms depolarising steps starting from -70 m V to 
the voltage indicated in each panel A. -20 m VB. -40 m V C. and D. -30 m V 
and timed a,s the top traces indicate. D shows the same recording as in 
C with the ensemble standard deviation during depolarisation indicated by 
error bars. Cs-BAPTA. 
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5.4 Discussion 
Previous reports have described voltage-dependence of decay of synaptic NMDAR. 
Konnerth et al. (1990) recorded synaptic currents from dentate granule cells, and 
observed that depolarisation markedly prolonged the timecourse of decay of NMDA-
EPSCs in normal and low extracellular Mg2+ at room temperature. Konnerth et al. 
reported a 4 to 5 fold increase in the fast and slow time constants of decay in the 
range from -70 to +40mV. Similar observations were reported by Keller et al. (1991), 
who recorded from dentate granule cells in hippocampal slices of rats using whole-cell 
recordings. Likewise, D' Angelo et al (1994) observed a significantly slower decay at 
more depolarised potentials at a temperature between 27 and 30°C. In contrast, Hes-
trin et al. (1990a) found the synaptic NMDA component to be insensitive to voltage in 
whole cell recordings in CA 1 hippocampal cells. 
The results presented in this Chapter suggest that there is only a slight voltage de-
pendence of NMDAR decay in these cells. NMDAR subunit expression is probably 
similar in all of these different studies (Portera-Cailliau et al., 1996; Kew et al., 1998) 
As discussed earlier in Section 4.2.3, space clamp and calcium buffering conditions are 
expected to be better in nucleated patch recordings than in whole cell recordings, and it 
is possible that the strong voltage dependence observed in previous studies was related 
to unbuffered Ca2+ changes - which can activate K+ conductances and can also have 
strong effects on NMDAR function - and to poor space clamp conditions. Large fluc-
tuations in current duration were observed in a few nucleated patches recorded for this 
study during sustained depolarisation to + 30 or +40 m V, in either short or long perfu-
sion with agonist. Some currents recorded with Cs-based solution (i.e. no Ca2+ buffer) 
decayed faster than those measured using Ca2+ buffers in the intracellular solution, 
however, the opposite was also observed; currents being activated for longer periods 
of time in the abs(?nce of Ca2+ buffers. It is likely that the activation of these long 
lasting currents was related to Ca2+ -activated K+ currents or unbuffered local Ca2+ 
fluctuations. These problems are very likely much larger in whole cell recordings. 
The voltage dependence observed here in the presence of Ca2+ buffers is likely to 
reflect a TB mechanism, as no protection from agonist unbinding or desensitisation was 
observed at hyperpolarised potentials, as would predicted by an OCB kinetic scheme. 
Instead, deactivation appears to proceed at a similar rate irrespective of whether the 
channel is blocked or not as shown in Fig. 5.11. A route for unbinding of glutamate 
from the Mg2+ -blocked channel has been suggested from single channel data (Nowak 
et al. , 1984; Jahr and Stevens, 1990b ). Additional evidence for a Mg2+ -trapping block 
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has been provided from studies using perfusion of blockers and NMDA agonists in hip-
pocampal neurons. (Benveniste and Mayer, 1995; Sobolevsky and Yelshansky, 2000). 
In this Chapter, further experimental evidence favouring a trapping block mechanism 
has been presented. In the constant presence of physiological Mg2+ concentration, de-
polarisations at different times during NMDAR current decay uncover a current which 
has a similar amplitude to the current observed during constant depolarisation. This is 
exactly what is expected of a TB mechanism, and inconsistent with the OCB or OCB-
2B predictions, which necessitate an overshoot of current after a delayed depolarisation 
because of the protection from deactivation and desensitisation associated with block. 
However, the simulations presented at the beginning of this Chapter, using a sym-
metrical trapping-block kinetic mechanism, predict an absence of voltage-dependence 
of decay time course. 
In principle, there are several possible explanations of the observed voltage de-
pendence of the deactivation phase: 1) A voltage-dependent agonist dissociation rate 
constant without Mg2+ bound. 2) A voltage-dependent agonist dissociation rate con-
stant with bound Mg2+. 3) A faster closure of blocked channels, which allows agonist 
dissociation more easily through the blocked route, than through the unblocked route. 
Hypothesis 1 could be tested directly, by examining deactivation after short pulses in 
the absence of Mg2+, although this was not tested experimentally. Hypothesis 2 and 3 
can be addressed by quantitative fitting of a model and comparison with experimental 
data. 
Any modification of the TB model which accounts for the voltage-dependence of 
decay, would be required to also account for the observations of a slow fraction of un-
block, during the decay phase of NMDAR current, and also during stationary NMDAR 
activation described in the previous Chapter. In the next Chapter, further studies are 
carried out to explore the kinetics of a modified trapping block mechanism which can 
explain the slight voltage dependence of decay and a slow fraction of unblock. 
Chapter 6 
Asymmetric trapping block can explain 
the nonstationary kinetics of NMDARs 
In a trapping block (TB) mechanism the receptor can close and unbind agonist while it 
is blocked, and the blocker can remain trapped within the pore when the receptor is not 
activated. In the previous Chapter the results on voltage-dependence of decay of cur-
rents strongly pointed towards a trapping block-like mechanism for the NMDAR. This 
was evident from fast perfusion experiments in nucleated patches, where currents at 
hyperpolarised potentials decayed slightly faster than currents recorded at depolarised 
potentials (see Chapter 5). This is contrary to the predictions from an open channel 
block mechanism where currents at hyperpolarised (i.e. blocked) potentials are ex-
pected to have a much slower decay, given the fact that the channel cannot close and 
unbind agonist while blocked, but only through the open state. Also, depolarisation-
induced unblock during the deactivation phase showed no overshoot or protection from 
deactivation as expected from the OCB mechanism. 
A Mg2+ TB mechanism has also been suggested by previous studies (Benveniste 
and Mayer, 1995; Sobolevsky and Yelshansky, 2000). However, in contrast with results 
already presented in earlier chapters, predictions from a symmetrical TB. mechanism 
with identical rate constants for Mg2+ -bound and unbound states predict a virtually 
instantaneous unblock of current after depolarisation (see Fig. 4.13) and no voltage-
dependence of decay at all (see Fig. 5.4). 
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In this Chapter the TB kinetic mechanism is explored further, and predictions from 
a modified version of this model are compared with experimental data from nucleated 
patches and with previous studies of NMDAR block kinetics. It is shown that this 
asymmetric trapping block model can account for the observed delayed component of 
unblock and the voltage-dependence of decay. 
6.1 Recovery of slow-unblocking fraction after repolarisa-
tion 
As explained before in Section 4.3, NMDAR current shows two components of un-
block during a voltage step from -70 to +40 m V: a fast component which accounts for 
half of the current and a slower component. In order to investigate further the kinetics 
of NMDAR unblock the time-dependence of the slow-unblocking fraction was studied 
in order to characterise the entry into the slow unblocking state. Voltage steps from 
-70 to +40 m V were applied to nucleated patches during perfusion with 60 µM NMDA. 
After 100 to 200 ms of depolarisation to +40 m V (i.e. after most NMDARs were un-
blocked), brief repolarisations to -70 m V were applied, which lasted for variable times 
followed by return to +40 m V. These repolarisations lasted from 0.5 ms up to 25 ms, 
and the order for testing increasing repolarisation times was randomised to avoid any 
systematic error due to possible non-stationarity in these recordings. There was a slight 
variability in decay kinetics and amplitude of currents during the course of these exper-
iments. Therefore, it was necessary to model the current obtained during continuous 
depolarisation for each individual ensemble average by fitting its desensitisation rate 
constant and scaling factor (i.e. number of channels) individually. An example (black 
solid line) is shown in Fig. 6. lB. The amplitude of the fast unblocking current was then 
measured at the cC>mer of the fast and slow components and compared to the expected 
current at that particular time. Measurements from 5 nucleated patches showed that the 
fraction of fast-unblocking current is larger after briefer repolarisations, and that the 
slow fraction recovers with a time constant of 4.5 ms. 
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Figure 6.1: Recovery of slow-unblocking fraction during brief repolar-
isations A. NMDAR currents evoked in a nucleated patch perfused with 
60µM NMDA, the onset of perfusion is indicated by the top trace. Cur-
rents are normalised to the maximum amplitude as some rundown occurred 
during recording. Leak subtracted currents (see section 2.2.6) showed a 
maintained activation upon depolarisation with slight desensitisation. Volt-
age steps from -70 to +40 m V were applied to the patch causing complete 
relief of Mg2+ unblock. Brief repolarisations to -70 m V - lasting for pe-
riods from 0.5 to 25 ms - were carried out as shown by the middle traces. 
The fraction of fast Mg2+ -unblock of NMDAR current was measured at 
the comer of the fast and slow components as shown by the vertical bars, 
which indicate the time and ensemble standard deviation at that particular 
poirit. B. Expanded timescale of A showing the slow fraction of unblock re-
covered at different times following brief repolarisation and depolarisation 
and the fitted maximum level of current at +40 m V as a black solid line. C. 
Data from four nucleated patches showing the fraction of fast unblocking 
current normalised to the maximum level of the current. Recovery to the 
minimum of.fast unblocking current (0.47) takes place with a time constant 
of 4.5 ms. 
6.2 Separation of different molecular variants of NMDA re-
ceptors and their block and unblock properties 
Experiments were carried out in cortical slices of 8 to 16 days old Wistar rats. NMDA 
receptors in these cells are expected to be mostly composed of the fundamental NRl 
subunit, and the NR2A and NR2B subunits (see Table 1.1), a combination which results 
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in high magnesium-sensitive voltage-dependence (Monyer et al., 1994). It is possible 
that the NR2 subunit type (A or B) could affect the time course of Mg2+ unblock, so that 
heterogeneity amongst channels might result in several components of unblock in the 
population average. This possibility was tested, by subunit-specific pharmacological 
block. In order to separate populations of NMDA channels containing different NR2 
subunits, the drug ifenprodil was used in order to block receptors containing one or 
more NR2B subunits, as the affinity of this subunit for 10 µM ifenprodil is rv400 fold 
higher than that for the NR2A subunit (Williams, 1993). 
NMDAR currents were elicited in nucleated patches using fast perfusion. Ifenprodil 
was added to both control and agonist barrels, so that inhibition of NR2B-containing 
NMDAR was at equilibrium at the time of agonist application. Ifenprodil inhibited 
about two thirds of NMDAR current in all three nucleated patches recorded in these 
conditions (P12-14), and fast and slow components of unblock, and a fast block, were 
still observed before and after perfusion with ifenprodil (see Fig. 6.2). However, the 
fraction of fast unblock of receptors after ifenprodil inhibition (presumably NR2A re-
ceptors), was slightly larger (52%) than its equivalent for the control experiment ( 47% ). 
Also, the unblock for the slow fraction occurred faster after ifenprodil inhibition with 
time constants between 3 and 5 ms as opposed to 15-20 ms in control responses (see 
Fig. 6.3). 
Both NR2A and NR2B-containing receptors showed both fast and slow kinetics, in-
dicating that the observed fast and slow components of the typical NMDAR response to 
voltage steps are a property of individual populations of channels. There is an indication 
of a difference in the blocking/unblocking rates between NR2A and NR2B-containing 
receptors. The small size of ifenprodil-inhibited currents and the small number of 
patches recorded from (n = 3) make it difficult to conclude with certainty that there 
is a difference in their kinetics. 
Additionally, an analogous experiment to identify the time constant of the slow-
unblocking fraction of current were carried out during ifenprodil inhibition (n = 3 nu-
cleated patches). These experiments were slightly noisier than those presented for the 
full population of NMDA receptors, however, a faster recovery than in the control ex-
periment (Section 6.1) appears to take place. As shown in Fig. 6.4, brief repolarisations 
can recover the slow-unblocking fraction of current with a time constant .of 2.5 ms. 
In the following sections the native NMDA receptor responses are modelled as a 
single population of channels, although it is important to highlight that the subunit-
dependent differences may be playing an important role when a particular molecular 
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full population of NMDA receptors, however, a faster recovery than in the control ex-
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can recover the slow-unblocking fraction of current with a time constant of 2.5 ms. 
In the following sections the native NMDA receptor responses are modelled as a 
single population of channels, although it is important to highlight that the subunit-
dependent differences may be playing an important role when a particular molecular 
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Figure 6.2: NMDAR current responses to voltage steps in the presence 
of ifenprodil. A. NMDAR response to a voltage steps from -70 to 40 m V. 
Black trace indicates control response and red trace after addition of 10 µM 
ifenprodil. B. Same recordings as in A but normalised to compare time 
course of unblock and block of both responses. C. Response to a voltage 
step from -70 to -20 m V. Control trace is shown in black and red trace is af-
ter addition of ifenprodil. D. Normalised recordings from C. Voltage steps 
are shown at the top of each trace. 
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Figure 6.3: Exponential fit of control and ifenprodil-inhibited NMDAR 
currents. Red lines show the double exponential fit of A. Control response 
and B. After 10 µM ifenprodil inhibition. Time constants and the corre-
sponding fraction of current they account for are indicated. 
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Figure 6.4: Recovery of slow unblock after repolarisation in the pres-
ence of ifenprodil. A. Normalised current responses to repolarising volt-
age steps after continuous depolarisation, analogous to Fig. 6.1, showing 
the extent of the fast-unblocking fraction of NMDAR current as compared 
to the maximum expected current calculated for each individual average, as 
indicated in one example by a black solid line. B. Measured relative ampli-
tude of the fast component showing its decay with longer depolarisations, 
as the slow unblocking component recovers with a time constant of 2.1 ms, 
as fitted for three nucleated patches. Results for two nucleated patches are 
shown in black (cross and squares symbols), and a further measurement 
which showed the same trend but had a larger error is shown in grey. 
subtype is more abundant. 
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6.3 An asymmetric trapping block mechanism leads to de-
layed unblock 
Previous research (Benveniste and Mayer, 1995; Sobolevsky and Yelshansky, 2000) 
and the present study (see Fig. 5.11) all point to a trapping block-like mechanism 
with Mg2+. However, as shown previously in figure 4.13C & D, a symmetrical TB 
mechanism predicts an instantaneous unblock, as the opening and closing rates for the 
blocked and unblocked channel are identical. It also predicts a voltage-independent 
current decay (see Fig. 5.4). However we hypothesised that the unblock observed 
experimentally could be a reflection of slower gating kinetics for this channel when it 
is bound to Mg2+ i.e. an Asymmetric Trapping Block (ATB) mechanism. Therefore it 
was investigated whether the trapping block scheme could be modified in this way in 
order to reproduce the experimental data shown previously for NMDAR unblock and 
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current decay. 
C 
Figure 6.5: Asymmetric trapping block mechanism. The rates for the 
Mg2+ -bound channel are shown in red. These rate constants were allowed 
to vary independently from the rate constants for the Mg2+ -free channel. 
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6.3.1 Exploring the effects of modifying Mg2+ -bound rate constant be-
haviour 
It is important to establish which rate constants may be most involved in the asymme-
try of the ATB model. Figure 6.6 shows the influence of modifying one rate constant 
for each step towards unbinding of agonist for the blocked channel: kd,Mg, koff,Mg and 
aMg, for voltage steps from -70 to +40 m V. A larger desensitising rate constant dur-
ing Mg2+ block leaqs only to faster decaying currents but unblock is still effectively 
instantaneous. A faster koff for Mg2+ bound channels did not have an effect on the un-
blocking timecourse either, and only affected the decay and amplitude of the responses. 
As discussed in section 5.4 it is necessary to establish whether a voltage-dependent 
agonist dissociation rate constant with bound Mg2+ is present or if the balance in the 
TB scheme is actually tipped towards the blocked states (e.g. with a faster closure 
when channels are blocked by Mg2+). Raising only the dissociation rate constant in the 
TB scheme, although quickening deactivation, fails to produce slow unblock, which 
depends on keeping a high proportion of channels available in CMB· Also, raising 
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both the dissociation rate constant and a.Mg results in an unrealistically large and slow 
component (not shown), which was not observed experimentally. 
Thus the hypothesis of an asymmetry on the trapping block model is the most con-
servative hypothesis (in that there are no other voltage-dependent rates than the block-
ing transitions), and unlike the hypothesis of a faster agonist unbinding dependent on 
Mg2+ block, correctly predicts both the voltage-dependence of deactivation and slow 
unblock. Increasing the closing rate constant for Mg2+-bound channels, a.Mg, did pro-
duce the same effect as observed experimentally, a biphasic unblock, with fast and a 
slow components, and a very fast block. By fitting an observed current response to an 
ATB model with varying a.Mg and ~Mg it was possible to obtain a very close fit to the 
observed current, including the tail current at the end of the depolarising voltage step. 
Following these observations, all experimental data were fit by least-squares, with a.Mg 
and ~Mg as free parameters. 
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Figure 6.6: Asymmetric trapping block and rate constants involved in 
shaping current responses. Simulations of voltage step responses (-70 to 
+40 m V) using the ATB model with varying rate constants to observe the 
effect on the shape of the response. A. Varying kdMg, B. koffMg and C. a.Mg· 
Rate constant values and corresponding colour predicti.ons as shown. All 
values are in s-1• D. Experimental current response to a voltage step (-70 
to +40 m V) fitted to the ATB model with parameters as shown. E. Zoom of 
response in D to show the fit to fast responses of unblock and block. 
6.3 An asymmetric trapping block mechanism leads to delayed unblock 92 
6.3.2 Opening and closing rates of the blocked channel 
As detailed above, variations on the opening, BMg, and closing rate, aMg, in simu-
lations of open channel probability for the ATB model were able to account for the 
experimental results. Results from many nucleated patches (n=22) were well fitted by 
a least-squares routine in which the fitting parameters where aMg, BMg and the number 
of channels (N) used as the scaling factor for the open channel probability in order to 
calculate the expected current as follows: 
INMDA = Popen · (V - V,ev) ·"{·N (6.1) 
with the single channel conductance y = 50 pS and the reversal potential V,ev=-5 m V. 
Individual fits for currents at different potentials converged to similar values, al-
though for inward currents there were often a number of alternative fits (i.e. local 
minima, see Fig. 6.9) owing to the lower signal to noise ratio. However, when simu-
lating inward currents with the best fits for the larger outward-currents from the same 
nucleated patch a satisfactory current trajectory and amplitude was obtained in most 
cases. Figure 6.7 shows the relationship between aMg and BMg as fitted for different 
voltage steps and nucleated patches. It shows averages and standard deviations for fam-
ilies of voltage steps at different potentials, families of responses to stimulus where the 
recovery of the slow-unblocking fraction was studied (see Section 6.1), and for fits of 
voltage steps from -70 to +40 m V pooled from different nucleated patches. Although 
there was considerable variability in the fits for different nucleated patches and voltages 
for the same patch, a very clear trend is apparent from Fig. 6.7: the closing rate aMg 
showed by far the biggest and most consistent difference with the closing rate value for 
the Mg2+-free channel, with values of aMg being up to a factor of three times larger 
than the closing rate constant for the Mg2+ -free channel (a = 91.6s- 1) as adopted from 
Lester and Jahr (1992). In many cases an equal value for B and BMg produced satisfac-
tory fits, and BMg remained within a factor of 0.5 to 1.5 of B- However, it was evident 
from ifenprodil-inhibition fits to experimental currents that both opening and closing 
rate constants for the blocked channels need to be allowed to vary to fit the observed 
currents well (see Fig. 6.8). Fits with only aMg and N as free fitting parameters did not 
fit the observed responses well. 
The number of channels (N) parameter remained near a constant value (within a 
factor of 1.2) in some experiments (see Fig. 6.9). In some other experiments N was not 
always constant for all traces obtained for a family of voltages, but decayed gradually 
I I 
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Figure 6.7: Comparison of closing and opening rate constants fits for 
the ATB model. The values of a and 13 for the Mg2+-free channel are 
shown by the red triangle. Other symbols show best least-squares fits of 
voltage step responses of currents evoked during stationary NMDA (25-
60 µM) activation. All sets indicate fits to data from the same nucleated 
patch, except for the filled circle where data for voltage steps from -70 
to +40 m V were pooled from different experiments. Standard deviations 
show the dispersion for the best <XMg and 13Mg for each family of traces, and 
corresponding symbols indicate the type of voltage steps tested. Averages 
and standard deviations are from best <XMg and 13Mg fits of 6 to 10 leak-
corrected averaged currents. 
by a factor of up to 1.8 during the 1-2 hrs lifetime of the patch (see Fig. 6.10), making 
averages of currents for different voltages have an amplitude which did not exactly 
match the Boltzmann distribution of the current. This, however, could be due to gradual 
rundown of the channels, and this decay was also observed during the slow (3 s) ramps 
of voltage when tested. 
For experiments with little rundown, and in which the 1-V relationship remained 
near-constant (Fig. 6.9), currents at all tested potentials were well fitted by constant 
values of <XMg and 13Mg· This indicates that the opening and closing rate .constants for 
the blocked channel are not voltage-dependent, and that constant values can explain a 
whole family of current step responses. Unblock responses show fast and slow phases 
of unblock which have an increasing fraction of fast unblocking current at more positive 
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Figure 6.8: Control and ifenprodil-inhibited currents fitted with the 
ATB model. A. Current response to a voltage step from -70 to +40 m V 
during constant perfusion of 60µM NMDA to a nucleated patch is shown in 
grey. Superimposed are the best least-squares fit traces with parameters as 
shown; the yellow trace shows best fit with parameters N and aMg and the 
red trace for parameters N, aMg, and ~Mg· B. Zoom of on and off responses 
in A. C. As for A but current trace is the response of the same nucleated 
patch during ifenprodil inhibition. D. Zoom ofresponses in C. a=91.6 s-1, 
~=46.1 s- 1, ~Mg = ~ when only N and aMg were fitted. 
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potentials as discussed for the experimental data (see Section 4.3.1 and Fig. 4.9). The 
fast and slow-unblocking fractions arise from the voltage dependent accumulation of 
channels in the blocked state which are then pulled towards the closed-blocked states 
owing to the faster closing rate aMg· 
In general, for all experiments, the number of channels needed to scale up the open 
channel probability was between 100 and 900. Some nucleat~d patches showed larger 
and more stable responses than others. Changes of current amplitude, within the same 
patch, or between patches with the same number of receptors, are probably governed 
by either a change in the open channel probability, by rundown of channels, which ef-
fectively reduces the population of channels available in the patch, or by slight changes 
in single channel conductance as discussed in Section 1.4. 7. 
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Figure 6.9: Family of voltage step responses and fit to the ATB model. 
A. Current responses to voltage steps from -70 m V to the voltages indicated 
in each trace. Each trace was fitted to the ATB model with free parameters: 
C:XMg, ~Mg, and the number of channels (N), assuming a conductance of 
50pS and a reversal potential of-5 mV. Best individual fits are shown in red, 
where fitting parameters were near the average for outward currents, and 
were . more sensitive to the higher relative noise in inward currents showing 
local minima for fits (see B). Yellow lines show a fit using the median ob-
served for the full family with a constant C:XMg = 287 s- 1 and ~Mg = 48.5 s-1 
for all voltages and adjusting only the number of channels is shown (see C), 
kd=3 s-1. Calibrations in the top currents apply to currents below. B. Fitted 
values to individual currents in A (red traces). C. N values required for best 
fit of the family of current responses (yellow traces). Cs-EGTA intracellular 
solution. 
6.3.3 ATB model fit to recovery of slow-unblocking current. 
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As detailed above in Section 6.1, after constant depolarisation it is possible to observe 
the recovery of the slow-unblocking fraction of current by applying short repolarisa-
tions to -70 m V; this recovery has a time constant of 4.5 ms for the population of native 
NMDARs (see Fig. 6.1). The ATB model can explain these observations. After repo-
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Figure 6.10: ATB model fit to a family of current responses, a further 
example. Fit of current responses to a depolarising voltage step from -
70mV to the voltages indicated in each panel. Parameters: aMg = 270s-1, 
~Mg = 46s- 1 all other time constants are identical for Mg2+ bound and 
unbound states. Best fit for scaling factor (N, see Eq. 6.1) as stated for each 
current. Cs-EGTA intracellular solution. 
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larisation to -70 m V the value of the blocking rate constant k+ becomes extremely fast 
(104·5, see Figure 5,?) and the equilibrium to the closed blocked state is limited effec-
tively with a time constant close to 1 / ( aMg + ~Mg). ATB fits to experimental currents 
testing the recovery kinetics for the slow-unblocking current, are shown in Fig. 6.11, 
and a recovery time constant of 1/[310s- 1] (i.e. 3.5 ms) is predicted from these fits. 
6.4 Exponential components from the ATB model 
The time constants and amplitudes of exponential components of Popen(t) during a volt-
age step were obtained for the ATB model (Fig. 6.12) by solving for the eigenvalues and 
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Figure 6.11: ATB model fit to recovery of slow-unblocking fraction. A. 
Current responses to depolarising voltage steps from -70 to +40 m V dur-
ing constant perfusion of 60 µM NMDA, short repolarisations followed by 
depolarisation at +40 m V show recovery of slow-unblocking current. Su-
perimposed black traces show fit to ATB model with parameters as shown. 
B. Expanded timescale for the time segment indicated by a thick bar in A. 
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eigenvectors of the transition rate matrix (Colquhoun and Hawkes, 1977, see Methods). 
Although there are nine _exponential components and a stationary component (i.e. zero 
eigenvalue) in the relaxation kinetics for this ten state scheme, only three or four expo-
nential components have significant amplitude. Together these components account for 
>99% of the changes in open channel probability for voltage steps during stationary 
activation with 25µM NMDA (see Fig 6.12B,E and G).The voltage-dependent accu-
mulation of channels in the blocked state and the faster rate of closing for the blocked 
channel Cl.Mg confers a voltage dependence of fast unblock. Figure 6.l2B & G shows 
that the first transient of fast unblock, for a voltage step from -70 m V to +40 m V, ob-
served in the experimental data is determined by a component with a time constant 
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between 50-150 µs (yellow). The slow phase of unblock after depolarisation is a mix-
ture of three time constants of 6-12 (green), 3-4 (blue) and 66-68 ms (purple), which 
increase with voltage. However, the time constant of the fast (yellow) component peaks 
at about-20mV and then decays in amplitude towards +40mV (see Fig. 6.12). At their 
peak voltage, these rate constants account for 0.5, 0.1 and 0.06 of the normalised open 
channel probability at that voltage. This has a similar trend to that observed in the 
experimental data over the range of positive membrane potentials (See Section 4.3.1). 
A slow decaying component of 'C = 470-570ms could also be observed (not shown), 
when using desensitisation rate constants k, = 1.8 and kd = 8.4 (Lester and Jahr, 1990). 
This essentially disappears when using kd = l as observed in experimental conditions 
with lower agonist/desensitising conditions. All results presented in this Chapter were 
reproduced with smaller kds which were determined for each experiment with values 
between 1 and 4 s- 1• 
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Asymmetric Trapping block model 
C CA CAA DAA O* Os CAAB DAAB CAB Cs 
-70mV 0.13 0.41 0.31 0.17 0.16 4.86 28.49 15.83 37.38 12.26 
OmV 8.68 26.47 20.18 11.21 10.15 1.15 6.72 3.73 8.81 2.89 
+40mV 11.17 34.05 25.96 14.42 13.18 0.06 0.35 0.20 0.46 0.15 
Trapping block model 
C CA CAA DAA O* Os CAAB DAAB CAB Cs 
-70mV 0.35 1.08 0.82 0.45 0.42 12.83 25.48 14.16 33.44 10.97 
OmV 10.17 31.01 23.64 13.13 11.90 1.34 2.67 1.48 3.50 1.15 
+40mV 11.26 34.32 26.16 14.53 13.27 0.06 0.12 0.07 0.16 0.05 
Table 6.1 : Equilibrium occupancies of states for the TB and ATB models 
at the voltages indicated. Constant concentration of 25 µM NMDA, kon = 
5µM- 1s- 1, koff = 82s- 1 • Values are in% of the total channel population. 
The equilibrium state occupancies calculated using 25 µM NMDA for the ATB and 
TB model are shown in Table 6.1 for compatison. The percentage values indicate that 
for the ATB model at - 70 m V fewer channels occupy the open-blocked state ( 4.86%) 
as compared to the TB model (12.83%). This difference arises from the faster closing 
rate in the ATB model which tips the balance of occupancy probability towards the 
blocked states, and this distribution is responsible for shaping the unblock kinetics af-
ter depolarisation to +40 m V. At this depolarised potential, the stationary open channel 
probability for the ATB and TB models is quite similar ("' 13% ), but this distribution 
is reached with different kinetics for both models. In the TB model the 13% of chan-
nels in the open-blocked state at -70 m V become unblocked after depolarisation with a 
fast rate principally determined by l/(L+k+[Mg] 0 ) at this potential, while in the ATB 
mechanism only about "'5% channels are available at this rate. Instead, channels accu-
mulated in the closed-blocked states reach the open state more slowly, at a rate strongly 
influenced by aMg and ~Mg, giving rise to the slow-unblocking phase. 
Additionally, Table 6.1 also shows the equilibrium distribution of probability at 
0 m V. These values indicate that at this potential about 10% of channels are already 
in the open state. Therefore, after a voltage step to +40 m V, a submillisecond rise of 
current would be expected as the driving force for the channel is restored, followed by a 
minor fraction of slow unblock, consistent with experimental findings for such voltage 
steps as shown in Section 4.3.3 and Fig. 4.11 . 
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Figure 6.12: Voltage dependence of exponential components of relax-
ation kinetics in the ATB model. A. Open channel probability (Po pen (t)) 
for a step from -70 to +40 m V predicted for the ATB mechanism (25 µM 
NMDA) with fXMg = 270, ~Mg= 46, kon = 5, koff = 82, and kd,kdMg = l. 
All rate constants in s- 1 except kon in µM- 1s- 1. Voltage step timing indi-
cated by the top trace. B. Individual exponential components for A (only 
components of significant amplitude are plotted, see text), red trace indi-
cates the stationary component, and the fast component is shown in yellow. 
C. Current trajectory calculated from the open channel probability with N 
= 300 and V,ev=-5 mV (see Eq. 6.1). D, E, and F. As for A, Band C but 
for a step from -70 to -30 m V. Note the difference in relative amplitudes of 
the slow components of unblock for B and E. G. Voltage dependence of the 
significant time constants of relaxation towards equilibrium after a voltage 
step from -70 m V. Colours for specific rate constants correspond to colours 
of individual exponential components shown in B and E. 
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6.5 Accumulation in the closed blocked state influences voltage-
dependent decay 
As discussed in Chapter 5 NMDAR currents showed a slight voltage dependence of 
decay, although not as pronounced as has been suggested previously (Konnerth et al., 
1990; D' Angelo et al., 1990; Keller et al., 1991 ). This decay was found systematically 
in nucleated patches recorded with intracellular Ca2+ buffers during fast and sustained 
perfusion with 500 µM NMDA. 
The ATB kinetic mechanism was investigated to find out if this voltage dependence 
can be explained by a faster closing rate when the channel is blocked by Mg2+. As 
shown in Fig. 6.13 a faster decay of currents at hyperpolarised potentials is expected 
from the ATB mechanism using a value of aMg = 270s- 1 and equal opening rate con-
stants (46.1 s- 1) for the blocked and Mg2+-free channel. More channels occupy the 
blocked state at more negative potentials and the closing rate at these potentials is larger, 
therefore, it is easier for channels to become closed from the blocked state and unbind 
agonist through this route at these potentials, producing a faster deactivation. At depo-
larised potentials, where closing and unbinding of agonist through the open state has 
a higher probability of occurring, as channels do not become blocked by Mg2+ then 
deactivation is somewhat slower. 
Also, from Fig. 6.13 it is evident that a slower rising phase for NMDAR current 
is expected at more depolarised potentials with the ATB kinetic mechanism. This was 
observed in the experimental recordings (Fig. 6.14 ), however the range of potentials 
tested experimentally (-40 to +40) was smaller than the range used in the simulations 
( - 70 to +40), owing to the very small amplitude of currents at more negative poten-
tials. A slower rise in current for more depolarised potentials has also been reported 
previously (D' Angelo et al. , 1990). 
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Figure 6.13: Voltage dependence of decay predicted by the ATB model. 
Simulations of voltage-dependent decay of NMDAR currents. A. 20 ms 
exposure to 500 µM NMDA. B. Continuous exposure. Colors represent 
voltages from purple +40 m V to red -70 m V as indicated by the figure leg-
end. During both fast and sustained exposure, currents at hyperpolarised 
potentials decayed slightly faster than those at depolarised potentials. For 
these simulations CJ..Mg=270 s- 1, N=I00. 
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Figure 6.14: Voltage-dependent decay kinetics fitted by the ATB mech-
anism. A. Experimental currents obtained during sustained and fast perfu-
sion of NMDA on a nucleated patch. Superimposed are the predictions cal-
culated with the ATB mechanism with parameters as shown. B. Expanded 
time view of the rising phase of NMDAR current. C. Experimental currents 
and fit to the ATB mechanism for currents evoked with a 20 ms perfusion 
with NMDA. D. Expanded time view of response onset. Top traces indicate 
the command for perfusion for experimental currents. Agonist concentra-
tion vector was Gaussian filtered to have a 10-90% rise of 3 ms for ATB 
model simulations. 
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6.6 Discussion 
In their original kinetic analysis, Ascher and Nowak (1988) pointed out that the receptor 
total open time per burst should be constant as the Mg2+ concentration varies, but 
instead it decreased as the Mg2+ concentration increased. This implied that either 
the Mg2+ bound states could pass directly back to closed states, or there may be a 
sequence of blocked states, rather than just one, or both of these possibilities. More 
recent studies (Huettner and Bean, 1988; Benveniste and Mayer, 1995; Sobolevsky and 
Yelshansky, 2000) have presented evidence concerning trapping of blockers within the 
NMDA receptor. 
The experimental and theoretical evidence shown in previous chapters and in the 
present Chapter suggests that there is indeed a trapping block-like mechanism gov-
erning NMDAR kinetics. However, there are two aspects that a symmetric trapping 
block mechanism (scheme in Fig. 3. lB) cannot account for: that is a slow fraction 
of unblock after depolarisation, and a voltage dependence of decay, where currents at 
hyperpolarised potentials decay slightly faster than those at depolarised potentials. 
As pointed out by Benveniste and Mayer (1995) a trapping block scheme does not 
require that the closing rate constants be identical for blocked and unblocked channels, 
and these discrepancies between a TB model and the experimental results, can be ac-
counted for by modifying the existing trapping block scheme and increasing the closing 
rate a.Mg by a factor of l"V3. This value arises from the least-squares fits to families of 
voltage step responses (see Fig. 6.9 and Fig. 6.1 O); from fits of voltage steps from -70 
to +40 in V from 17 nucleated patches and from the recovery of slow unblock recovery 
after brief repolarisations (see Figs. 6.1) and 6.11). The best fits for a.Mg more than 
doubled the value for a, and the best fits for the opening rate constant were within a 
factor of 0.5 to 1.5 of the opening rate for Mg2+ -free channels. In order to further in-
vestigate the validity qf the ATB model, simulations were carried out using protocols 
for perfusion and voltage steps taken from previous studies of NMDAR Mg2+ -block 
kinetics. 
Firstly, the study from Benveniste and Mayer (1995) was modelled (their Fig. 3). 
They studied glutamate unbinding in nucleated patches from rat hippocampal neurons 
grown in dissociated culture. A 20 ms application of 200 µM glutamate at -100 m V, 
either alone or in the presence of 50 µM Mg2+was followed by voltage steps to +60 m V 
after 200 ms. As a result a very fast rising outward current was observed, which decayed 
with similar kinetics to the current response to glutamate only. As shown in Fig. 6. l 5A-
B, both the TB and the ATB models reproduce currents similar to their results. The 
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differences are only subtle, as seen in Fig. 6.15B, where the peak of the response to 
Mg2+ and glutamate (red trace) falls short of the response to glutamate alone (black). 
Benveniste and Mayer's results appear to show the same pattern, although it is not 
completely clear owing to the time scale used in their figure. 
Additionally, the protocol followed by Sobolevsky and Yelshansky (2000), -their 
Fig. 8- was modelled for the TB and ATB mechanisms. In their study, blocking and 
unblocking kinetics of Mg2+ were analysed by perfusing acutely-isolated rat hippocam-
pal neurons with 100 µM aspartate, and during stationary activation by rapid perfusion 
('t =r-v20ms) of lOOµM Mg2+. As shown in Fig. 6.15C-D. The TB and ATB mecha-
nisms predict very similar responses for this protocol, at the slower display timescale 
used. The recovery from block after the Mg2+ perfusion is slightly slower in the ATB 
mechanism as shown by the inset. However, these simulations were modelled with in-
stantaneous perfusion, and it is highly likely that if perfusion time course actually had 
a time constant of several milliseconds this would obscure the time course of block 
recovery. 
Finally, the voltage step protocol followed by Spruston et. al. (1995) in dendritic 
outside-out patches of rat hippocampal CA3 and CAl neurons was modelled. They ap-
plied synaptic-like pulses of glutamate - a rise of lmM glutamate lasting for lms- and 
compared the currents observed during constant depolarisation at +40 m V and those 
currents observed during pulsed depolarisation from -80 to +40 m V. As shown in Fig. 
6.15E-F the TB and ATB mechanism predict clearly different responses for this proto-
col. The TB mechanism predicts that at any time during the decay phase, a short de-
polarisation will relieve a current of the same amplitude as that of the current obtained 
during constant depolarisation. In contrast, the ATB mechanism shows that the slow 
unblocking fraction does not reach equilibrium during the 5 ms depolarisations. Only 
a longer depolarisation (30ms, gray trace) can match the current obtained at +40mV, 
although the faster decay at hyperpolarised potentials discussed above, would have an 
effect on the amplitude of the current if depolarisations are induced at later times. Thus, 
the ATB model accounts well for the results in these three previous studies. 
The results presented here, together with previous studies, suggest that an asym-
metric trapping block mechanism, with a faster closing rate for the blocked channel, is 
an accurate description of NMDAR responses to voltage steps, accounting for the slow 
unblock of current and the voltage dependence of decay. 
The ATB mechanism which leads to faster blocked-channel closure requires an ex-
planation at the molecular level. As described by Sobolevsky et al (2002), the M3 
,1-1-
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segments of the receptor subunits, as well as more superficial parts of the extracellular 
vestibule, undergo extensive remodelling during channel closure. The pore walls lining 
the extracellular vestibule constrict during channel closure (Sobolevsky et al., 2002). 
It is possible that there is an allosteric coupling between the strain on the closed outer 
vestibule induced by occupation with Mg2+ and the closing process of the activation 
gate which is believed to lie towards the cytoplasmic site of the membrane field. This 
idea is shown diagrammatically in Fig. 6.16. 
Large portions of the extracellular vestibule are contributed by NR 1 subunits, there-
fore, the differences observed after blocking NR2B channels with ifenprodil, if sub-
stantiated by further experiments, would imply a contribution from NR2 subunits in 
determining the closing rate. Further research on specific subunit gating would be nec-
essary to explain these differences. For example it is not known whether ifenprodil, 
though not blocking NR2A-containing receptors, might modify their unblock kinetics. 
In the next Chapter, the functional consequences of an ATB mechanism will be 
analysed. 
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Figure 6.15: Comparison of predictions of TB and ATB models of pre-
vious experimental results on NMDA kinetics. A. and B show simula-
tions of the perfusion and voltage step protocol used by Benveniste and 
Mayer (1995), where 200µM glutamate was applied for 20ms, (its tim-
ing is indicated by the black bar) either alone (current response shown as a 
black trace), or together with 50 µM Mg2+ whose timing is indicated by the 
red bar and current response shown in red. Cells were clamped at -100 m V 
and voltage steps to +60 m V were applied 200 ms after glutamate/Mg2+ 
perfusion, (kd = 8.4 s- 1 ) . Simulations for TB are shown in A and for ATB 
in B. C. and D show simulations of Mg2+ -blocking and recovery kinetics in 
the constant presence of agonist as studied by Sobolevsky and Yelshansky 
(2000). Perfusion of 100 µM aspartate as indicated by the top black bar, and 
block/recovery response to application of 100 µM Mg2+ (timing indicated 
by the red bar) during stationary activation of current, (kon = 5µM- 1 s- 1 
koff = 37.5s-1, kd = 3s-1). C. Results for the TB model and D. ATB 
model predictions. The inset shows a comparison of both traces, indicat-
ing that the ATB recovery slows down slightly. E and F. Predictions for 
the protocol used by Spruston et al. (1995), after a synaptic-like pulse of 
1 mM glutamate. Black traces indicate results for constant depolarisation to 
+40mV, and red traces show results for intermittent depolarisation (5 ms) 
from -80 to +40 m V with timing indicated above. A longer depolarisation 
and its respective current prediction are shown in gray. kd = 2s-1. E. Pre-
dictions for the TB mechanism and F. ATB results. For all ATB simulations 
aMg was set to 270s- 1, N = 300 and Vrev = - 5mV, see Eq. 6.1. 
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Figure 6.16: Hypothetical allosteric coupling between Mg2+ block and 
channel closure. A. NMDAR channel in the open state. White lines on the 
channel protein indicate the transmembrane segments which line the in-
tracellular vestibule. B. The channel in the closed state with Mg2+ trapped 
inside. Gray regions symbolize those parts of the channel protein that move 
during channel gating, making the pore narrower with channel closure and 
trapping Mg2+ inside. Red arrows indicate the strain on the outer vestibule 
(upper arrows) and its possible allosteric coupling with closing of the gate 
(bottom arrows). This interaction could encourage closure during Mg2+ -
block leading to the ATB kinetics (modified from Sobolevsky et al. , 2002). 
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Chapter 7 
NMDAR current during action potential 
waveforms 
The evidence for a mechanism producing a non-instantaneous block and unblock of 
NMDA receptors has been presented in previous chapters. After depolarisation from 
-70mV, unblock follows with a fast component ('C <<lms) and a delayed component 
with a 'C of 6-20 ms accounting for 20-50% of the current depending on voltage. The 
block after repolarisation to -70 m V occurs very rapidly ( 'C < < 1 ms). It has been shown 
that an asymmetric trapping block mechanism describes these NMDAR kinetics, with 
channels closing at a faster rate when blocked by Mg2+ (aMg"'= 3 · a). Given the 
timescales at which block and unblock occur it is likely that this kinetics will have 
profound consequences for NMDAR function in excitability. 
In order to further· the understanding of functionally-relevant NMDAR kinetics, 
in this Chapter emphasis is paid to the blocking kinetics after repolarisation, which 
showed fast time constants ( 120-150 µs) for steps from depolarised potentials to -70 m V 
(see Section 4.4). Although much faster than unblock, this block was not instantaneous. 
The repolarisation timescales for Na+ action potentials-"' 500µs at room temperature, 
and"' 150µs at 33°C (Larkum et al., 2001)- are on a similar time scale to the block ki-
netics. However, this relaxation kinetics during repolarisation could become even more 
significant if it is slower for potentials positive to -70 m V. In this Chapter, the timing of 
block is studied during voltage steps from +40 m V to intermediate potentials between 
II 
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+20 and -70 m V. Additionally, the corresponding behaviour of the ATB model is in-
vestigated and compared to experimental results. Together with results from previous 
chapters, these results are interpreted from a functional point of view. 
In physiological conditions, voltage does not change instantaneously in a step-like 
fashion, rather, smooth trajectories of voltage varying over a wide range of timescales 
result from synaptic input and active voltage-dependent channels - for example, the 
sub-millisecond rising phase of Na+ action potentials, or the slower Ca2+ spikes which 
occur in the dendrite over time scales of milliseconds or even tens of milliseconds. 
Finally in this Chapter, experimental evidence is presented showing the behaviour of 
NMDAR currents during action potential (AP) waveforms at room temperature and at 
physiological-range temperatures. 
The questions of how much NMDARs contribute to excitability, and under what 
conditions they provide a significant amount of current will be addressed. Also, the 
observed current responses to AP waveforms are compared to predictions of the ATB 
model. Finally, the functional consequences of the ATB model are studied on a model 
of cortical cell excitability, and compared to results using the TB model (i.e. effectively 
instantaneous voltage-dependence). 
7.1 NMDAR tail currents after repolarisation 
Considering the nonlinear I-V relation of NMDAR, the amount of inward current dur-
ing and after repolarisation could be much larger than the steady-state level if the block-
ing kinetics were slower than or within a similar timescale than the repolarisation phase 
of an action potential. The conductance of an open channel behaves simply as an ohmic 
resistor for as long as the channel remains unblocked at hyperpolarised potentials (see 
Fig. 4.2). As described in Section 4.4, block of NMDA receptors after repolarisation to 
-70 m V from +40 m V, occurs with time constants of 't = 120 - 150 µs, just resolved by 
the recording system 4.12. These are extreme values in the range of membrane poten-
tials for cortical pyramidal cells. There may be differences in the k,inetics of block when 
stepping to less hyperpolarised potentials or during the non-instantaneous repolarising 
phase of AP, or during complex membrane potential activity, than for such large voltage 
steps. 
In order to elucidate these blocking kinetics of Mg2+ for the NMDAR, further ex-
periments were carried out using nucleated patches, applying repolarising voltage steps 
from +40 m V to intermediate voltages between + 20 and -70 m V. High and low concen-
I I 
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trations of NMDA were used for these experiments to assess the effects of agonist con-
centration on the kinetics of block. Firstly, voltage steps were applied during stationary 
activation of NMDARs using 25-30µM NMDA. Figure 7.lA shows the recorded tail 
currents for a nucleated patch perfused with 30 µM NMDA. Currents are displayed at 
an expanded time scale (Fig. 7. lB) and these responses are also plotted as changes 
in chord conductance (Fig. 7.10) to better expose the time course of block. Experi-
mental data were well fitted with the ATB model (Fig. 7.lC & E) with aMg and PMg 
fits within the range observed in Chapter 6. Although the time course of block is gov-
erned by more than one time constant from this experiment it is possible to see that a 
slower block occurs when stepping to the less hyperpolarised potentials. This trend of 
blocking kinetics was observed in six nucleated patches. 
A further series of experiments using repolarising voltage steps was carried out 
using a much higher concentration of NMDA (500 µM). At the peak of the current 
response at +40 m V voltage was stepped in the negative direction (Fig. 7 .2). A sim-
ilar trend was observed as for stationary NMDAR activation (Fig. 7.1), though the 
trajectory of open channel probability in these recordings was also influenced by de-
sensitisation which is larger for this concentration of NMDA (kd = 8.4 s-1 for 500 µM 
and kd = 2 s-1 for 30 µM) 
For both low and saturating concentrations of agonist, the ratios of fast and slow 
fractions of unblock in the experimental currents were very similar. As seen in Figs. 7 .1 
and 7.2 (note that colors for different voltages are not corresponding between figures), 
block kinetics for steps to voltages in the range of large inward currents, -40 to -20 m V, 
have large components with time-scales of tens of milliseconds. The ATB mechanism 
provided a good fit to these observations. In the following Section this behaviour is 
analysed and the different components of block kinetics are described. 
7 .2 Exponential components of relaxation after repolarisa-
tion 
An analysis of the separate exponential components that govern the blocking kinetics of 
NMDAR was carried out, in an analogous way as for depolarising voltage steps from 
-70 m V presented in Section 6.4. Exponential components were obtained by solving 
for the eigenvectors and eigenvalues of the transition rate matrix for the ATB mecha-
nism (see Eq. 3.7, and Section 3.1). As discussed before, 9 exponential components 
and the stationary component are expected from the 10 state ATB mechanism, the 3 
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Figure 7.1: Tail currents after repolarisation during stationary acti-
vation of NMDARs. A. Repolarising voltage steps from +40 m V were 
applied during stationary activation of NMDARs evoked with continuous 
perfusion of 30 µM NMDA. Top trace in A indicates the voltage commands 
with the corresponding current responses at the bottom. B. Same currents 
as in A at an expanded time scale. C. ATB model fit to tail currents in B 
with aMg = 300, ~Mg= 40, kd=I and N = 100. D. Tail currents shown as 
conductance changes using Vrev = -5 m V and the voltage command. E. 
Conductance change from ATB model prediction in C. 
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Figure 7.2: Repolarisation at the peak of NMDAR response. Similar ex-
. periment to Fig. 7 .1 but repolarisation from +40 m V is induced at the peak 
of NMDAR response during continuous perfusion with 500 µM NMDA. A. 
Top trace indicates the perfusion command, middle trace shows the voltage 
commands with corresponding colours to the current responses plotted at 
the bottom. B. Expanded time scale of repolarisation responses, which was 
modelled using the ATB kinetic scheme with aMg = 310, ~Mg=30, kd=8.4 
and N = 80. D. Conductance responses (Gaussian filter at Jc= 1) calcu-
lated using a Vrev = -5 m V, and the voltage command. E. Conductance 
calculated with the ATB model with parameters as in C. 
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Figure 7 .2: Repolarisation at the peak of NMDAR response. Similar ex-
periment to Fig. 7 .1 but repolarisation from +40 m V is induced at the peak 
of NMDAR response during continuous perfusion with 500 µM NMDA. A. 
Top trace indicates the perfusion command, middle trace shows the voltage 
commands with corresponding colours to the current responses plotted at 
the bottom. B. Expanded time scale of repolarisation responses, which was 
modelled using the ATB kinetic scheme with aMg = 310, ~Mg=30, kd=8.4 
and N = 80. D. Conductance responses (Gaussian filter at f c = 1) calcu-
lated using a Vrev = -5 mV, and the voltage command. E. Conductance 
calculated with the ATB model with parameters as in C. 
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major exponential components will be analysed as together they account for >97% of 
the response amplitude for most voltages (i.e. the fourth exponential component dis-
cussed in Section 6.4 has been omitted because of its relatively small amplitude). In 
the following, the amplitudes of the three dominant exponential components will be 
termed: Crast, Cstow,a, Cstow,b, with time constants 'tfast, 'tstow,a, and 'tstow,b, respectively, 
and the stationary component Cstat· Figure 7.3A shows the contribution to Popen(t) of 
the dominant and stationary components for voltage steps from +40 m V to the poten-
tials indicated at the top of each graph. The sum of these components gives rise to the 
trajectories of conductance as shown in Fig. 7. lE. Note that at the exact time of volt-
age step, the sum of the nonstationary components equals Cstat: Po pen cannot change 
instantaneously, but relaxes to the new Cstat with a mixture of the finite time constants. 
Figures 7 .3B & C show the corresponding voltage dependence of time constants and of 
Po pen amplitude for voltage steps starting at +40 m V. 
Block after repolarisation to -70 m V occurs very quickly and is dominated by Cfast 
(yellow) with 'tfasr=25 µs, also block at less hyperpolarised potentials has a large con-
tribution of Cfast· However, at these potentials there are larger components of slow 
block. For example, Cstow,a amplitude peaks at around -20mV, and at this potential it 
accounts for 1/3 of the Popen amplitude with a 'tstow,a of 7.6 ms (green). At-20mV there 
is also a contribution (about 1/6) from Cstow,b with a time constant of 3.8 ms, although 
this component has its largest contribution of probability amplitude at around -30 m V 
(blue). 
For steps to -40 m V the block is dominated by C fast which accounts for 61 % of the 
time course of block with a 'tfasr=l l2µs. The remaining time course for the blocking 
kinetics is accounted for equal components of Cstow,a and Cstow,b with time constants 
'tstow,a=6.2 ms, and 'tstow,b=3.4 ms, respectively. 
Although only a small fraction of NMDA conductance is blocked at +20 m V, it is 
worth noting that during ·block from +40 m V to + 20 m V, 50% of the block is provided 
by Cstow,a (green) with a 'tstow,a=l0.18 ms. This is not as obvious as for the other po-
tentials, because the change in open channel probability is very sm~ll, as shown by the 
voltage dependence of Cstat (red). 
7.3 State occupation dependence on agonist concentration 
The concentration of agonist influenced the probabilities of channels at equilibrium 
occupying blocked and open states. However, for both concentrations of agonist, the 
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Figure 7.3: Exponential components during NMDAR block. Open 
channel probability components for NMDAR block. Simulations were car-
ried out using 25 µM NMDA, voltage steps were elicited after allowing 
equilibration agonist for 200ms at +40mV, CtMg = 270, 13Mg = 46, kd = 1, 
rate constant values in s- 1. These are the same values used for simulations 
in Fig. 6. 12 to allow a direct comparison of block and unblock kinetics. A. 
Major components for Papen (t) after a voltage step from +40 to potentials 
indicated at the top of each graph. Each component is plotted in a different 
colour. B. Time constants are plotted for each component as a function of 
voltage, for voltage steps starting from +40 m V, with corresponding colours 
to graphs in A. Note that the voltage dependence of time ~onstants is irre-
spective of starting voltage (see Fig. 6. 12 for voltage steps starting from 
-70 m V). C. The Papen amplitude for each component does depend on the 
stepping voltages. Coloured lines are the corresponding Papen amplitude 
values for each component in B for steps starting from +40 m V. Black ·lines 
are Papen amplitude values for steps starting from -70 m V as in Fig. 6. 12, 
for comparison. The stationary component amplitude shown in red, has 
exactly the same distribution for all starting voltages. 
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ratio of probabilities of occupation of OM : CMB states was hardly influenced by ago-
nist concentration. For example, at 500 µM NMDA, 0.3056% (23.4%) of channels were 
in state OM, and 55.1 % (0.63%) in the CMB state at -70 mV (+40 mV), respectively, 
while at 30µM NMDA there were 0.18% (14.41%) in OM and 31.68% (0.387%) in 
CMB, at -70 mV (+40 mV). Thus, increasing agonist concentration from 30µM to a 
saturating concentration of 500 µM raised the probability of occupying both OM and 
CMB by a factor of 1.62 at -70 mV, or 1.74 at +40 mV. 
7.4 Amplitude of exponential components depending on volt-
age 
The equilibrium distribution of open channel probability calculated for the ATB model 
for a stationary activation of NMDAR using 25µM NMDA and kd=l s- 1 is shown in 
Fig. 7.3C (Csrar). After a voltage change, Popen relaxes to its new value, and the time 
dependence of this relaxation will be determined by the exponential components of the 
ATB model (mainly Cfast, Cstow,a, and Cstow,b), which together account for >97% of 
the amplitude change of Popen· 
Given the complex relationships between starting and ending voltage for relaxations 
of Popen during voltage steps, an analysis of the ATB model was performed to map the 
responses to voltage steps over the whole range of membrane potentials observed in 
cortical pyramidal cells (-80 to +50 m V). Time constants and Po pen amplitude were 
calculated as a function of starting and ending voltage (V1 and V2 respectively). The 
results of this analysis are shown as surface plots in Fig. 7.4, where the time constant 
and amplitude dependence of the three major exponential components for the ATB 
model (Cfast,Cstow,a,Cstow,b) are plotted as a function of voltage. Along the z axis the 
value of 't is indicateq, and the amplitude is indicated by colour. 
As explained before, the same set of time constants describes the behaviour of ex-
ponential relaxations independently of Vi. The variation for responses to different volt-
ages arises from the set of coefficients that multiply each exponential term. Therefore, 
the surfaces are flat in directions parallel to the V1 axis. However, the probability am-
plitude varies depending on the starting and ending voltage in a step. For a voltage-step 
for Vi =V2 the Po pen amplitude change is zero ( coded in black), as seen by the black 
bands that run along Vi =Vi in the three surface plots. 
The voltage-dependence for Cfast is shown in Fig. 7.4A. The ATB model predicted 
values of 0.01 to 150µs for 'tfast· However, the voltage dependence of 'tfast could not be 
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assessed experimentally because the speed of the experimental recording system (70µs) 
was very close to the limit of the model predictions. The fast component can account for 
large changes in Papen, therefore, an analysis of changes of Papen dependent on voltage 
was necessary. The voltage dependence of Cfast is shown as a two-dimensional plot 
where the amplitude of this component depends on V 1 and V 2 . For voltage steps from 
most depolarised to most hyperpolarised potentials (i.e. +50 to -80), Cfast accounts 
for most of the block (>99%). At -20mV, however, the contribution of Cfast is much 
smaller -about 30% for a voltage step from +50 to -20 m V as shown by the light-blue 
colour. For depolarising voltage steps from -70 to +40 m V the fast unblock accounts for 
40% of the response. This is similar to the experimental current responses to voltage 
steps shown in Fig. 4.7. Thus the largest contribution of Cfast is for re-blocking on 
repolarisation. 
Figure 7.4B shows the voltage dependence of Cstaw,a, with 'tstaw,a values between 
6 and 10 ms. Its largest contribution is for depolarising voltage steps (e.g. from - 70 
to +40 m V), where it accounts for half of the Papen amplitude. The slowest values 
(10 ms) of 'tstaw,a are found for voltage steps in this range. The amplitude of Cstaw,a 
becomes smaller at more negative potentials (accounting for 30% for steps from -70 
to -20 m V) with a 'tstaw,a of 8.5ms. This voltage-dependence of Cstaw,a explains the 
voltage dependence of the fraction of slow unblock observed experimentally (see Fig. 
4.3.1 ), as this fraction is reduced in the same way at more hyperpolarised potentials. 
In this surface plot for Cstow,a there is also another area with a significant contribution: 
for repolarising voltage steps from +40 to potentials in the range of inward currents 
(-40 to -10 m V) accounting for about 20% of the Papen amplitude, having a 'tstaw,a with 
values between 6 and 7 ms. This could be relevant for the repolarising phase of the AP, 
predicting that channels could potentially contribute more inward current than expected 
from the stationary I-V relation, as block is far from instantaneous at these potentials. 
Finally, although smaller in amplitude Cstaw,b can contribute up to about 10% of the 
probability amplitude (0.001/0.01) as shown in Fig. 7.4C, with time constants in the 
range of 3 to 4 ms. The largest contribution of Cstaw b is for repolarising voltage steps 
, ' 
from depolarised potentials, to the range of large inward currents in the NMDA I-V 
plot (e.g. from +50 to -30 mV). Again, this could have an important functional effect 
during repolarisation. Furthermore, a large contribution from Cstow,b is observed for 
depolarising voltage steps from (e.g. -70 to +50mV). 
In the ATB mechanism, mostly these three exponential components interact to re-
produce the trajectories of open channel probability that have been observed experi-
--- -----~ 
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mentally for depolarising and repolarising voltage steps. This behaviour is far more 
complex than the instantaneous voltage dependence that has always been assumed for 
the NMDAR in functional models (Pongracz et al., 1992; Destexhe et al., 1994; Mel, 
1993; Spruston et al., 1995; Grillner et al., 1995; Lansner et al., 1998; Shepherd, 1998; 
Koch, 1999; Schiller et al., 2000). In the following sections the behaviour of NMDAR 
currents during AP waveforms is analysed experimentally, and the effects of the time-
dependence of block and unblock are discussed. 
7.5 NMDAR current during action potential waveforms at 
room temperature 
To assess directly the functional consequences of the noninstantaneous block and un-
block of NMDARs, NMDAR current was recorded while voltage-clamping nucleated 
patches with action potential (AP) waveforms (Fig. 7.5). Firstly, the stationary current-
voltage relation was recorded by applying slow (3 s) ramps of increasing voltage (Fig. 
7 .SA); this was then fitted with a Boltzmann-type distribution. 
In order to check the consequences of the room-temperature NMDAR kinetics mea-
sured experimentally, nucleated patches were voltage-clamped and subjected to a com-
mand potential waveform of spontaneous APs. This AP waveform was previously 
recorded in whole cell configuration from the same cell type at room temperature (see 
Fig. 7 .SB). Nucleated patches were recorded during constant perfusion with 25 µM 
NMDA and in control conditions, and leak subtracted currents were analysed. Figure 
7 .SC shows the NMDAR current plotted in black, superimposed with the expected in-
stantaneous current as calculated from the stationary I-V relation fitted for the same 
patch (Fig. 7 .SA), and expanded views of this current are shown in D and E. 
Little or no NMD1R current is observed during the upstroke of fast APs (Fig. 
7.50), implying that both slow and fast phases of unblock occur too slowly to react 
to the AP initiation. In contrast, the expected current calculated from the measured 
steady-state I-V relation under the assumption of instantaneous' voltage-dependence 
(red solid line) shows a substantial contribution of the NMDAR to inward current dur-
ing the onset of the upstroke, i.e. to excitability. By the peak of the AP, however, 
NMDARs have sufficiently unblocked to conduct an outward current positive to the 
reversal potential, and a large and longer-lasting inward current during repolarisation, 
which in fact exceeds the level expected from the stationary I-V relation (Fig. 7.50). 
These characteristics were observed in four nucleated patches. 
7.5 NMDAR current during action potential waveforms at room temperature 119 
A 
50 
--- 0 > 5 
_. 
> _50 
B 
---
r/l 
s 10 '-" .... 
ctl §~ 8 -··· 
ci5 6 
t-' 
C 
---
r/l 
s 4 
'-" 
.c 
§ 3.5 
tn 
t-' 
-50 
50 
··· ·=·· 
50 
0 
V/mV) 
-50 
V/mV) 
.. ... :::.: . 
·- ,: .. 
50 
so 
·-.· 
....... :::"··-
··-.· 
-50 o so V/mV) 
p 
open 
amplitude 
0.12 
0.1 
0.08 
0.06 
0.04 
0.02 
0.06 
0.04 
0.02 
0 
0.01 
0.005 
0 
Figure 7.4: Dominant exponential components of the ATB mechanism. 
Time constant and amplitude of the dominant exponential components of 
the ATB kinetic mechanism, with a = 270 and ~=46. Tirp.e constant and 
amplitude are plotted as functions of the starting voltage (V 1) and the end 
voltage (V 2) of voltage steps. The ts are independent of V 1, while the prob-
ability amplitude depends on both V 1 and V 2· See text for interpretation. 
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The comparison between the expected and the observed NMDAR current clearly 
shows that the delay in unblock has major consequences on the amount and timing of 
current that can be contributed by NMDAR during fast changes in voltage. Figure 7.5F 
shows the stationary I-V relation ±SD in red and in black the current observed during 
AP clamp is plotted versus the voltage command. It is evident from this plot that the 
distributions of current are different. The nonstationary voltage dependence of current 
produces a much more variable response to voltage which reaches only about half of its 
maximum level at depolarised potentials -owing to the large contribution of the slow 
unblocking component (Cslow,a) during depolarisation as discussed above. It is also 
evident that in the range of inward currents the responses range from zero current to 
values that exceed those expected from the stationary I-V relation, because of delayed 
block during repolarisation. 
The expected NMDAR current matches the experimental current more closely dur-
ing slower changes in voltage, as those shown in Fig. 7 .5E. This waveform is likely 
to be due to Ca2+ conductances which are smaller but more maintained than the Na+ 
conductance underlying the fast AP. The resulting slower changes in voltage allows 
NMDAR kinetics to come closer to equilibrium, and therefore the expected current 
follows the experimental current more closely. 
7.6 NMDAR current during fast and slow AP waveforms at 
33°c 
The analysis of the kinetics of the NMDAR so far has been carried out by recording and 
modelling responses at room temperature (22-24°C). However, physical phenomena 
speed up with temperature. The effect of temperature is frequently described by the 
10 degree temperature_ coefficient Q10, which has values near 3 for many biological 
processes including the kinetics of ion channels (reviewed in Hille, 2001 ). 
To examine the impact of non-instantaneous unblock under more physiological con-
ditions, nucleated patches were recorded at a near-physiological temperature (3 l-35°C) 
and clamped with waveforms recorded in the same temperature range by Larkum et al. 
(2001). This showed the same basic effects but simply at a faster time scale (n = 8 
nucleated patches). Although NMDAR kinetics are expected to be faster in these cir-
cumstances, the speed of AP waveforms is also increased. 
No inward current is detectable during the fast depolarisation of Na+ spikes, which 
occurs with a 10-90% rise time of rv 150 µs (Fig. 7 .6B), while during repolarisation, 
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Figure 7.5: NMDAR current activation during action potential wave-
forms at room temperature. Nucleated patches were recorded during sta-
tionary activation with 25 µM NMDA. Leak subtracted currents are shown. 
A. Black trace shows the stationary current-voltage dependence obtained 
during a slow (3 s) ramp of voltage. Red line shows the fit to a Boltzmann-
type distribution. Nucleated patches were then clamped to the action po-
tential waveforms shown in B. C. Leak subtracted current average showing 
the NMDAR current during this voltage trajectory. The expected current 
for instantaneous block/unblock is superimposed in red. , F. Comparison 
of current-voltage relation. The red trace shows the current observed dur-
ing the 3 s ramp of voltage in A, same colour dotted lines represent ± SD. 
The black traces show the current (± SD) observed during the AP wave-
form (i.e. current in C as a function of voltage in B). At the bottom D: and 
E. are detailed views of the segments indicated in C. Intracellular solution 
Cs-EGTA. No digital filter was applied to AP clamp currents. 
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the current matches or exceeds that predicted from the stationary 1-V relation of the 
patch (Fig.7.6A). Unlike for the fast sodium AP, activated NMDARs made a strong 
contribution during the upstroke of calcium action potentials (10-90% rise time of 
6ms Fig. 7.6B), and therefore do contribute substantially to the excitability of Ca2+ 
APs. Also, during the short repolarisations observed at the plateau of the Ca2+ AP the 
NMDAR inward current mostly matched the expected stationary current, although in a 
few recordings (3 out of 8), as shown in (Fig. 7.6C), it significantly exceeded the ex-
pected current. During a slow dendritic Na+ spikelet or boosted excitatory postsynaptic 
potential (EPSP), which has a 10-90% rise time of 3 ms, the NMDAR current follows 
the expected equilibrium current quite closely (Fig. 7 .6D). 
7.7 ATB model predictions of the NMDAR response to AP 
waveforms 
The experimental currents responses to AP waveforms, were well fitted by the ATB 
model. Figure 7. 7 shows the AP waveform and the leak subtracted NMDAR current 
response from Fig. 7.5, together with the best fit to the ATB model (red solid line) 
with a.Mg = 293, and ~Mg= 43. The model accurately reproduces responses for a 
broad range of time scales from a few ms to tens of ms. During the rising phase of the 
Na+ spike, a small inward current is predicted, but it is only about 1/3 of the current 
predicted by the stationary 1-V relation as shown in Fig. 7.5,inset a. This component 
is expected to occur with a time constant <lOOµs as it is determined by 'tfast, and 
this is very close to the speed of the recording system as discussed in the Methods, 
therefore, it was not resolved in the experimental currents. During repolarisation, large 
inward currents are observed, and are well matched by the predictions of the ATB 
model. The slow kin~tics of block in the range of -40 to -20 m V discussed above 
determine the appearance of these tail currents, also, the fact that the AP repolarising 
phase occurs more slowly than the step-like repolarisations discussed previously would 
have an impact in the time course of blocking and closing of the receptor. 
Superimposed on the experimental current and the ATB fit, is the best fit for a 
Boltzmann-type distribution (blue line). Using the same parameters for the Boltzmann 
fit of the stationary response, the 1-V distribution was fitted with the scaling factor of 
current as the free parameter. The best fit value for this scaling factor was 0.52 (i.e. 
scaling by half the original 1-V relation for this patch (as shown in Fig. 7.5A). How-
ever, even this scaling did not adequately match the current trajectory of the NMDAR 
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Figure 7.6: NMDAR activation during AP waveforms at 33°C. Nu-
cleated patch recordings at 33°C during stationary activation with 25 µM 
NMDA. A. Stationary current-voltage relationship recorded with a 3 s ramp 
of increasing voltage is is shown in black, with its fit to a Boltzmann-type 
distribution superimposed in red. B-D. Recordings using APs from Larkum 
et al. 2001. The expected current from an instantaneous block/unblock 
as fitted in A is superimposed in red. B. A burst of fast somatic Na AP (Larkum et al., 2001, Fig 2D). C. Dendritic Ca2+JNa+ AP corresponding 
to the somatic waveform in B. D. A dendritic Na spikelet (poosted EPSP), 
smaller and slower than the somatic spikes in E (Larkum et al., 2001, Fig 
2B). No digital filter applied for recordings in B to D. Intracellular solution: 
Cs-EGTA. 
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response to the AP waveform. Although the predicted current during the most depolar-
ising voltages of the AP waveform is closer to the observed current (Fig. 7.7B, inset 
a) than with the original 1-V .relation (Fig. 7 .5C), the current predicted during the slow 
waveform (Fig. 7.7 inset c), is even more underestimated with this procedure. Acom-
parison of the nonstationary 1-V relation observed for the experimental data and the 
predicted 1-V relation for the ATB model is shown in Fig. 7.7D. The scaled 1-V station-
ary distribution is shown in this plot. The ATB model reproduces the range of inward 
currents that are observed experimentally. The nonstationary outward currents, how-
ever, show more variability than the ATB model predicts. This discrepancy could derive 
from leak subtraction imperfections during these fast changes of voltage, as shown by 
the standard deviation of the experimental current-voltage relation in Fig. 7 .5D ( dotted 
lines in black). 
The results observed at 33°C were also fitted by the ATB model. Considering the 
difference in temperature, from recordings at room temperature: about 10°C, the transi-
tion rate matrix for the ATB model was simply scaled up by a factor of 3. However, the 
correct rate constants are much less certain than at room temperature. In general, differ-
ent Q10s could be expected for each rate constant. Results are shown in Fig. 7.8. The 
predicted current follows the observed current more closely than the prediction from 
an instantaneous fit. Particularly, the large inward currents predicted by the instanta-
neous unblock (Fig. 7.6B), are not present for the ATB model fit, and the tail currents 
during repolarisation, larger than those predicted by the stationary distribution, are also 
better explained by the ATB model. The responses to the slower waveforms (i.e. Ca2+ -
Na+ AP and boosted epsp), are reasonably well fitted both by the ATB model and the 
instantaneous voltage dependence. 
7.8 Nonstatio~ary voltage-dependence of NMDAR Mg2+block 
participates in shaping the spike responses to synaptic 
inputs 
To characterise in more detail the effects of the ATB mechanism on the integrative 
properties of cortical neurons, a numerical model of a simple cortical neuron was simu-
lated. A simple model cell was constructed in MatLab, consisting of a single spherical 
compartment with a diameter of 10 µm with realistic membrane parameters, and active 
conductances (see Section 2.3). 
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Figure 7.7: Fit of NMDAR current responses to AP-waveforms clamp 
at roorri temperature. ATE-mechanism and Boltzmann distribution fit to 
current responses from experiment in Fig. 7.5 A. AP waveform. B. Black 
trace shows leak-subtracted average of NMDA current response to A. Su-
perimposed traces show fitted currents. Blue trace is the best fit obtained 
by scaling factor of the Boltzmann-type distribution for this patch as in Fig. 
7.5A, (best scaling-factor fit 0.52). Red trace is the best fit from the ATB 
model with a.Mg = 293, ~Mg = 43 and N = 920. Segments of current la-
belled a, b and c are shown in the corresponding panels at expanded time 
and current scales. C. Current voltage relation from B wit}:i corresponding 
colours. The scale of the best-fit stationary Boltzmann-type distribution is 
about half of the experimental I-V relation for this patch as shown in Fig. 
7.5A. 
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Figure 7.8: Fit of NMDAR current responses to AP-waveforms at 33°C. 
ATB fit to current responses to AP waveforms at near-physiological temper-
ature. Expected instantaneous response is shown in Fig. 7.6. A. Fast Na+ 
spike and respo~se. B. Backpropagated Ca2+-Na+ AP. C. Boosted epsp. 
Red solid trace is the best fit from the ATB model, with the rate constant 
matrix Q scaled up by a factor of 3. Best fit for a.Mg = 595, and N = 527 
for all panels except for bottom panel in B with CJ.Mg= 750, and N = 499. 
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Spike generation was tested by stimulating with NMDAR mediated conductance 
during constant activation using 3 µM glutamate. A coloured noise current (20 pA SD 
white noise, filtered with a single exponential filter, with a 't of 3 ms) was applied (see 
Fig. 7 .8A) in addition to the stationary agonist concentration stimulus. The behaviour 
of voltage dependent kinetics was implemented using the transition rate matrix for ei-
ther the TB or the ATB mechanism to calculate the open channel probability during the 
voltage trajectory (see Section 3.1), using N = 300 NMDAR channels. To simulate the 
effects at a physiological temperature, the transition rate matrix for both models was 
scaled by a factor of Q10 = 3 as discussed in Section 7 .6. 
The ATB mechanism had a clear effect on the integration of the same stimulus. As 
shown in figure 7.8B-D the number and timing of spikes differs greatly between the 
NMDAR current defined by a TB (black traces) or an ATB (red traces) model. Thus, 
a slight delay of a fraction of NMDAR current unblock and block at the time scale of 
spike generation can suppress the generation of action potentials and alter the timing of 
others by many milliseconds. Spikes in response to some current fluctuations remain 
unchanged for the ATB vs. the TB model, indicating that a particular subset of spikes 
are more sensitive to the exact history of the NMDAR current. This effect could be 
especially strong in areas of membrane with high densities of NMDARs and high input 
resistance such as dendrites. The fast component of unblock may be sufficiently rapid 
to participate in boosting dendritic Na+ spikes (Schiller et al., 2000), while the slow 
component could contribute solely to longer-lasting depolarizations such as dendritic 
Ca2+ spikes. 
7 .9 Discussion 
NMDAR currents during nonstationary voltage behave in a way which is described 
accurately by the ATB model; the receptor can bind and unbind agonist both when it 
is Mg2+ -blocked and Mg2+ -free, and the channels close at a faster rate when blocked 
by Mg2+. This model predicts a complex time dependence of blo.cking and unblock-
ing reactions, with block showing a much faster time course than unblock for voltage 
steps from rest to very depolarised potentials. However, an analysis of the ATB model 
behaviour during stationary activation using 25 µM NMDA showed that the amplitude 
of the major exponential components (Cfast, Cstow,a, Cstow,b) of this kinetic model 
strongly depends on the voltage history experienced by the receptor: the NMDAR cur-
rent time course must be modelled by a set of nonlinear differential equations, rather 
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Figure 7.9: Comparison of fast voltage dependence (TB model) vs. ac-
tual NMDAR voltage dependent kinetics (ATB model) in a model of 
spike generation. Modelling of a single compartment cell with cortical 
membrane parameters and active conductances 2.3. Constant activation of 
300 NMDAR channels with 3 µM glutamate. A. Noise stimulus exponen-
tially filtered. B. Voltage trajectory calculating the open channel probability 
using either the TB (black) and ATB (red) models. Black traces have been 
shifted by +5 m V to allow comparison of individual spike times. C. D. are 
expanded views of B, showing that the ATB model has a powerful effect in 
changing the timing of AP generation to the same complex stimulus. 
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than as a time-independent function of voltage, multiplied by a fixed activation time-
course. The time constants of the major exponential components are within a range 
which can have profound consequences on the function of NMDAR during excitabil-
ity ("tfast = 10-150µs, "ts/ow,a = 6-13ms, "tstow,b=3-4ms). Furthermore, experimental 
recordings during AP waveform clamp confirmed that NMDAR current strongly de-
pends on the voltage history. 
Experimental evidence presented in this Chapter shows that the contribution of 
NMDARs to excitability during fast Na+ spikes, for example back-propagating APs 
in cortical pyramidal cells, is small. NMDARs become much more involved during 
the slower upstroke of Ca2+ APs, and so could contribute strongly to Ca2+ excitability. 
The large inward current during repolarisation reflects the unblock that has occurred 
during the preceding depolarisation. The fact that, this current is much larger than the 
steady-state prediction suggests that it is essentially a tail current: a transient increased 
current upon a jump to a hyperpolarised potential due to the increased driving force, be-
fore the channels shuts, in this case because of block. It is particularly prominent in the 
potential range from -50 to -20 m V (where the contribution of Ctast becomes smaller), 
and appears before the channels re-equilibrate to the change in voltage dependent rates. 
The consequence of this large current pulse during slow repolarisation is that NMDARs 
will strongly resist and retard repolarisation and help to depolarise the membrane to-
wards a succeeding spike, and will also contribute additional Ca2+ influx about 2-3 ms 
after the initiation of the AP. This could be important for example in determining the 
timing of spike-timing-dependent plasticity (Markram et al., 1997; Bi and Poo, 2001). 
Furthermore, a simple model of spike generation using cortical parameters has 
shown that the ATB kinetics could have a powerful effect on determining the timing 
of action potentials. Previous work has argued strongly that individual spike times are 
important for behavioural decisions, or to convey information about a sensory stimulus 
(reviewed in Rieke et -al. , 1996). Also, synaptic modification has been presented as a 
function of the pre- and postsynaptic spike interval (Bi and Poo, 2001) where the pre-
cise timing of spikes (within a window of 5 to up to 30 ms) can define if a synapse is 
potentiated or depressed. Since, the kinetics of the NMDAR presented in this study can 
strongly affect the precise timing of spikes, it is necessary to include its nonstationary 
voltage-dependence in future models of glutamatergic synaptic integration . . 
Chapter 8 
Conclusions and future directions 
This thesis has presented evidence on the behaviour of NMDAR current during non-
stationary voltage and agonist concentration in nucleated patches of cortical pyramidal 
cells. The Mg2+ block and unblock of NMDAR show fast and slow components which 
are strongly voltage dependent, and therefore are defined by the voltage history. This 
behaviour is reproduced by a trapping block mechanism, in which the channels close 
at a faster rate when blocked: an asymmetric trapping block model. 
NMDAR current activation during action potential waveforms showed that NMDAR 
Mg2+ -unblock is too slow for this receptor to contribute at all to the upstroke of fast 
Na+ action potentials, while its delay in equilibrating to steady-state levels of block also 
produces much larger than expected inward currents during repolarisation and during 
the slow depolarisation of dendritic ca2+ action potentials. 
The gating of the NMDAR during voltage steps and during physiological trajecto-
ries of membrane potential such as action potentials had hardly been studied previously. 
This work presents an account of NMDAR gating during reali~tic voltage trajectories 
which shows some previously unexpected and important aspects. This behaviour is a 
major determinant of the amount and timing of inward current, and therefore on the 
excitability and Ca2+ entry determined by NMDAR gating during physiological mem-
brane potential transients. Finally, this study provides an accurate a model of NMDAR 
activation that can be readily incorporated into computational or conductance injec-
tion/dynamic clamp studies of NMDAR function. 
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8.1 Future directions 
The ATB mechanism provides a tool that can be µsed to calculate with more precision 
the contribution of NMDAR to synaptic current. This model, however, will need fur-
ther refinement. Although experimental evidence showed a similar nonlinear voltage 
dependence both at room and physiological temperatures, simulations were carried out 
by scaling up the transition rate matrix by a factor of 3, as the values of rate constants 
at this temperature were less certain. Therefore, it will be necessary to measure experi-
mentally all rate constants at 37°C, and to test whether this can account for the precise 
behaviour of NMDAR in physiological conditions. 
Some indication of a subtype dependence of NMDAR voltage-dependence kinetics 
was observed when blocking the NR2B-containing receptors. A characterisation of the 
parameters which describe the ATB model for all receptor sub-types will be necessary. 
It is likely that gating rate constants of the NMDAR can be modulated by interactions 
with CaMKII, which were as far as possible controlled under the present experimental 
conditions. Moreover, other endogenous factors can regulate NMDAR kinetics, for ex-
ample extracellular pH, among many other allosteric regulation mechanisms (reviewed 
in Dingledine, 1999). 
Functional models of NMDAR kinetics should, therefore, include all major al-
losteric interactions which are likely to have an effect in physiological conditions, and 
account for receptor sub-type kinetics and open channel probability. A set of further-
elaborated ATB models could be combined with the knowledge about temporal and 
anatomical distribution of NMDAR-subtypes and contribute to the understanding of 
the functional role that these receptors play at different stages in development and in 
particular areas of the brain. 
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Appendix A 
Matlab function for calculation of open 
channel probability with step changes in 
voltage or agonist concentration 
function [p,taus,proportion,p_amplitude] = Eig_Q(Q,pO,time,action) 
global OPEN_STATE 
% Function to obtain the coefficients, time constants and 
% open channel probability based on a state diagram of channel 
% function, using the transition rate matrix. 
% Needs to be passed a transition rate matrix "Q", a time vector, 
% and the action that specifies 
% the probability to be calculated: "p_equilibrium" the 
% equilibrium probability for all states, 
% "p_end" the instantaneous probability at the end of the time vector 
% or "p_open" a vector of open channel probability 
% as a function of the time vector. 
% function p = Eig_Q(Q,pO,time,action) 
n_states = length(pO); %The number of states 
open_state = OPEN_STATE; 
%Open state, should be a global at the calling function 
[r,lambda]=eig(Q); % r is right (normal) eigenvectors of Q 
diag_lambda = diag(lambda); 
[lambda_sorted,index] =sort(diag_lambda); 
r = r (:, index) ; 
% TAU conversion from SECONDS to MILLISECONDS 
% all rate constants should be in sec-1 at the calling function 
tau=(l . /-(lambda_sorted))*lOOO; 
%vector of time constants in milliseconds 
taus = tau; 
1 = inv(r); % left (row) eigenvectors 
% Now calculate coefficients for open state: 
A= r(:,n_states)*l(n_states, :); 
% the matrix of components of zero-eigenvalue - steady components 
% preexponential factors for open state exponential components 
C_accum = []; for j = l:n_states 
C = []; 
%accumulate the coefficients for all the states 
% to calculate the occupancies 
for i = l:n_states % loop through eigenvalues 
A= r(:,i)*l(i, :); % the spectral matrix 
% of components of P for eigenvalue i 
end 
Pi= pO*A; % the vector of eigenvalue i components 
% for n different states, 
%given starting at pO, column vector Pi should 
% be a column vector of the ith eigenvalue 
%component/amplitude for each of then states 
C = [C Pi(j)); 
C_accum = [C_accum; CJ; 
end 
switch(action) case('p_equilibrium') 
p_eq = A(l, :); % The equilibrium probabilities of 
% being in each of n states -
% row vector should sum to 1 and should be the same as 
% any other row, 
% because the final equilibrium distribution is 
% independent of starting conditions 
p = p_eq; 
case (' p_end' ) 
pO_end = []; 
for i=l: n_states 
end 
time_end = time(end); %get the probability distribution 
% at the end of this conditions in the time given. Extract 
% the probabllity values that might be used for 
% a subsequent round when an extra condition is changed 
% extract the probabilities of being in each of the 
% states after Xms of agonist exposure, or different voltage 
C = C_accum(i, :); 
pO_end_single = sum(C' .*exp(-time_end . /tau)); 
pO_end = [pO_end pO_end_single); 
p = pO_end; 
case (' p_open') 
C_open=C_accum(open_state, :); 
p_open = [); 
133 
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for i = 1:length(tau) 
end 
p_open_partial = C_open(i)' .*exp(-time./tau(i)); 
p_open = [p_open; p_open_partial]; 
p_open_matrix = p_open; 
p_open = sum(p_open); 
p = p_open; 
134 
%p = p_open_matrix (uncomment this line to plot the exponential components individually) 
amplitude= max(p_open_matrix(length(tau), :)); 
proportion= []; % the relat i ve proabability amplitude 
p_amplitude = []; % the probability amplitude 
for i = 1:(length(tau))-1; 
proportion_single = ... 
abs(max(p_open_matrix(i, :))-min(p_open_matrix(i, :)))/amplitude; 
proportion= ... 
[proportion proportion_single]; 
p_amplitude_single = ... 
max(p_open_matrix(i , :))-min(p_open_matrix(i,:)); 
p_amplitude = ... 
[p_amplitude p_amplitude_single]; 
end 
proportion= [proportion amplitude/amplitude]'; 
p_ampli tude =[p_amplitude amplitude]'; 
otherwise 
di splay('error, please specify p_equilibrium, ... 
p_end or p_open, see HELP EIG_Q') 
end 
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